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This  loose-leaf  data-book  is  based  on  analyses  "of  experimental  in¬ 
vestigations,  model  studies,  and  prototype  observations.  The  purpose  is 
to  make  the  data  available  to  offices  of  the  Corps  of  Engineers  for  use  as 
hydraulic  design  criteria.  Certain  design  aids  based  on  accepted  theory, 
such  as  energy-depth  curves,  -will  be' included. 

The  material  is  prepared  and  disseminated  by  authority  of  the  Office, 
Chief  of  Engineers,  as  a  part  of  the  Corps  of  Engineers  Civil  Works 
Investigations  -  Hydraulics  (item  CW  804).  The  cooperation  of  other  hy¬ 
draulic  3 laboratories,  Government  agencies,  and  individuals  in  permitting 
the  use  of  their  data  is  appreciated  and  every  effort  is  being  made  to 
credit  the  original  source. 

In  order  that  this  data-book  may  be  of  greatest  service,  individual 
sheets  and  charts  will  be  distributed  as  issued.  Revised  sheets  and  charts 
will  be  issued  as  new  data  become  available.  The  data-book  is  being  is¬ 
sued  in  loose-leaf  form  to  facilitate  the  addition  of  new  material  and  the 
revision  of  previously  issued  sheets  and  charts. 

The  classification  index  presents  the  range  of  subjects  intended  to 
be  covered  in  this  compilation.  A  table  of  contents  is  included  to  assist 
in  the  location  of  specific  charts.'  Suggestions  for  revisions,  corrections, 
or  additions  are  invited  from  those  who  use  the  data-book.  Correspondence 
should  be  addressed  to  the  Director,  U.  S.  Army  Engineer  Waterways  Experi¬ 
ment  Station,  Vicksburg,  Mississippi. 

The  Waterways  Experiment  Station  has  no  objection  to  reproduction  of 
the  U.  S.  Army  Engineer  material  published  in  this  data-book  provided  a 
credit  line  is  included  with  each  reproduction.  Permission  to  reproduce 
other  than  U.  S.  Army  Engineer  data  presented  op_these  charts  should  be  ob¬ 
tained  from  the  original  sources.  /T^A  ■" 
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PHYSICAL  CONSTANTS 
ACCELERATION  OF  GRAVITY 
EFFECTS  OF  LATITUDE  AND  ALTITUDE 


1.  The  value  of  acceleration  of  gravity  commonly  quoted  in  hydrau¬ 
lics  textbooks  is  32.2  ft/sec2.  Accordingly,  the  value  of  2g  in  conver¬ 
sions  between  velocity  and  velocity  head  •',’ould  be  64.4  ft/sec2.  Some  en¬ 
gineers  prefer  to  use  64.3  ft/sec2  as  being  more  representative  of  the  ac¬ 
celeration  of  gravity  for  the  United  States. 

2.  Hydraulic  Design  Chart  000-1  was  prepared  to  afford  the  engineer 
a  convenient  illustration  of  the  nature  of  the  variation  of  the  accelera¬ 
tion  of  gravity  with  latitude  and  altitude.  The  theoretical  values  of  ac¬ 
celeration  of  gravity  at  sea  level  are  based  on  the  international  gravity 
formula  converted  to  English  units(2) 

gQ  =  32.08822  (1  +  0.0052884  sin2  0  -  0.0000059  sin2  20) 

where 

g  =  acceleration  of  gravity  at  sea  level  in  ft/sec 
0  =  latitude  in  degrees. 

Tabular  values  are  given  in  reference  (2).  The  correction  for  elevation 
above  sea  level  is  contained  in  the  equation: 


g„  =  g  -  0.000003086  H 
11  0 

where 

gH  =  acceleration  of  gravity  at  a  given  elevation  in  ft/sec 
H  =  elevation  above  sea  level  in  ft. 

3.  Chnrc  000-1  presents  the  variation  of  the  acceleration  of  gravity 
with  altitude  for  north  latitudes  from  30-50  degrees.  The  value  of  g  for 
sea  level  at  the  equator  is  32.088  ft/sec2  and  at  Fairbanks,  Alaska,  is 
32.227  ft/sec2. 

4.  The  values  of  the  acceleration  of  gravity  as  measured  by  a  pen¬ 
dulum  are  available  from  the  Coast  and  Geodetic  Survey. (l)  The  deviation 
of  the  measured  value  from  the  theoretical  value,  corrected  for  altitude, 
is  called  the  free  air  anomaly.  A  plus  or  minus  anomaly  of  0.0016  ft/sec^ 
may  be  considered  large,  except  in  high  mountains  or  deep  gorges. 


5.  References. 


(1)  Duerksen,  J.  A.,  Pendulum  Gravity  Data  in  the  United  States.  U.  S. 
Coast  and  Geodetic  Survey  Special  Publication  Ho.  244-,  19^9* 

(2)  Swick,  C.  H.,  Pendulum  Gravity  Measurements  and  Isostatic  Reductions. 
U.  S.  Coast  and  Geodetic  Survey  Special  Publication  No.  232,  1942. 
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PHYSICAL  CONSTANTS 


BAROMETRIC  DATA 


ALTITUDE  VS  PRESSURE 


1.  Cavitation .  The  equation  for  incipient  cavitation  index  takes 
into  account  the  vapor  pressure  of  water: 

h  -  h 
v  _  o _ v 

1  v02/2s 

where  hQ  is  the  absolute  pressure  in  ft  of  water,  h^.  is  vapor  pressure 
of  water  in  ft,  and  VQ  is  velocity  of  the  water  in  ft  per  sec. 

2.  Vapor  Pressure.  The  vapor  pressure  of  water  has  been  found  to 
vary  with  the  temperature  as  follows(l,2,3) : 


Temp,  F 


hy  ft  of 
Water  Absolute 


3.  Barometric  Pressure.  The  value  of  the  numerator  in  the  above 
equation  is  also  dependent  upon  hQ  which  is  the  barometric  pressure  less 
the  negative  pressure  measured  from  atmospheric  pressure.  The  incipient 
cavitation  index  is  thus  dependent  upon  the  barometric  pressure.  For 
similar  boundary  geometry  and  similar  flow  conditions,  the  chances  of 
cavitation  occurring  are  somewhat  greater  at  higher  altitudes  than  at 
lower  altitudes.  The  effect  of  altitude  on  cavitation  possibilities  is 
more  marked  than  the  effect  of  temperature. 

4.  Chart  000-2.  The  variation  of  barometric  pressure  with  altitude 
is  given  on  Chart  000-2.  This  chart  was  plotted  using  values  given  by  King 
(reference  2,  page  18),  and  agrees  very  closely  with  the  values  presented 
by  the  Smithsonian  Institute  (reference  1  page  559)* 

5.  Other  Applications.  Barometric  pressure  is  also  of  interest  in 
the  vertical  iimit  of  pump  suction  lines  and  turbine  draft  tubes. 
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HYDRAULIC  DESIGN  CRITERIA 
SHEETS  001-1  TO  001-5 
FLUID  PROPERTIES 
EFFECT  OF  TEMPERATURE 


1.  Data  on  the  fluid  properties  of  water  are  required  for  the  solu¬ 
tion  of  many  hydraulic  problems.  Hydraulic  Design  Charts  001-1  through 
001-5  present  information  on  those  properties  most  commonly  used  in  the 
design  of  hydraulic  structures,  and  are  included  to  afford  convenient 
references  for  the  design  engineer. 

2.  Charts  001-1,  001-2,  and  001-3  show  the  effect  of  temperature 

on  kinematic  viscosity,  vapor  pressure,  and  surface  tension  of  water.  The 
charts,  in  the  order  numbered,  were  prepared  from  data  published  in  the 
International  Critical  Tables  (4  and  5)>  (3)>  (4),  respectively. 

3.  Chart  001-4  presents  bulk  modulus  of  vater  curves  at  atmospheric 
pressure  for  temperatures  of  32  to  100  F.  The  Randall  and  Tryer  curves 
were  plotted  from  data  published  by  Dorsey  (l).  The  NBS  curve  was  computed 
from  Greenspan  and  Tschiegg  (2)  data  on  the  speed  of  sound  in  water.  The 
equation  used  in  the  computation  was: 


V  = 


where 

V  =  speed  of  sound  in  water  in  ft  per  sec 
E  =  bulk  modulus  in  psi 
p  =  density  of  fluid  in  slugs  per  cu  ft 

A  change  in  pressure  up  to  10  atmospheres  appears  to  have  negligible  effect 
on  the  value  of  the  bulk  modulus. 

4.  A  curve  for  the  Greenspan  and  Tschiegg  data  on  the  effect  of 
temperature  on  the  speed  of  sound  in  water  is  shown  on  Chart  001-5- 
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FLUID  PROPERTIES 

SURFACE  TENSION  OF  WATER 
EFFECT  OF  TEMPERATURE 
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NOTE:  CURVES  SHOWN  ARE  FOR 
ATMOSPHERE  PRESSURE 


*FRESH  WATER 


FLUID  PROPERTIES 

BULK  MODULUS  OF  WATER 
EFFECT  OF  TEMPERATURE 

HYDRAULIC  DESIGN  CHART  001-4 
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HYDRAULIC  DESIGN  CRITERIA 
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SURFACE  CURVE  CLASSIFICATIONS 


1.  Bakhmeteff 's  treatise  on  open  channel  flow^  illustrates  and 
defines  classifications  of  surface  curves  of  nonuniform  flow.  Hydraulic 
Design  Chart  010-1  presents  definition  sketches  of  six  water-surface 
curves  encountered  in  many  design  problems.  Although  this  schematic 
representation  of  classification  of  surface  profiles  has  been  presented 
in  numerous  textbooks,  it  is  included  here  for  ready  reference .  In 
addition,  the  chart  presents  examples  of  each  type  of  surface  curve 
chosen  from  problems  that  commonly  occur  in  the  work  of  the  Corps  of 
Engineers. 


SHEET  010-1 
OPEN  CHANNEL  FLOW 


(1) 


B.  A,  Bakhmeteff,  Hydraulics  of  Open  Channel  Flow,  New  York,  N.  Y., 
McGraw-Hill  Book  Company  (1932),  chapter  VII. 


HORMal  DEPTu 


M,  -  BACKWATER  FROM  RESERVOIR  -  UNIFORM  CHANNEL, 
y  >  y0  ,  i\  >  I  • 

M*  -  OROP-OOWN  TO  SPILLWAY  WITH  SHALLOW  APPROACH. 

y0>y>  Yc.  n  <  i. 

Mj  -  FLOW  UNDER  CATE  ON  MILO  SLOPE. 

y  <  y  c .  n  < '  • 


MILD  SLOPE 

y0  >  *c 


S,  -  LOWER  PART  OF  HYDRAULIC  JUMP  ON  STEEP  SLOPE. 

y  >  yc .  n  >  •  • 

■  S,  -  CHUTE  FLOW  FROM  LOW  OGEE  CREST. 

yc>y>  yo .  n  >■• 

Sx  -  CHUTE  FLOW  FROM  HIGH  OGEE  CREST.  FLOW  UNDER 
GATE  ON  STEEP  SLOPE . 


y<  y0 , 


STEEP  SLOPE 

y0  <  yc 


OPEN  CHANNEL  FLOW 
CLASSIFICATIONS 
UNIFORM  SLOPES 

HYDRAULIC  design  chart  oio-i 
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HYDRAULIC  DESIGN  CRITERIA 
SHEETS  010-2  TO  010-5/3 
OPEN  CHANNEL  FLOW 
BACKWATER  COMPUTATIONS 


1.  Hydraulic  Design  Charts  010-2  to  OIO-5/3  are  aids  for  reducing 
the  computation  effort  in  the  design  of  uniform  channels  having  nonuniform 
flow.  It  is  expected  that  the  charts  will  be  of  value  in  preliminary  de¬ 
sign  work  where  various  channel  sizes,  roughness  values,  and  slopes  are 

to  be  investigated.  Other  features  of  the  charts  will  permit  accurate 
determination  of  water-surface  profiles. 

2.  Basic  Principle.  The  theoretical  water-surface  profile  of  non- 
uniform  flow  in  a  uniform  channel  can  be  determined  only  by  integrating 
the  varied-flow  equation  throughout  the  reach  under  study.  Such  integra¬ 
tion  can  be  accomplished  by  the  laborious  step  method  or  by  various  ana¬ 
lytical  methods  such  as  that  of  Bakhmeteff( l)'*  and  others.  However,  all 
methods  are  tedious  and,  in  many  cases,  involve  successive  approximations. 

(3) 

3.  Escoffier'  '  has  developed  a  graphical  method  based  on  the 
Bakhmeteff  varied-flow  function.  This  method  greatly  simplifies  varied- 
flow  solutions  and  eliminates  successive  approximations.  The  desired 
terminal  water-surface  elevation  of  a  reach  can  be  determined  with  or 
without  intermediate  water-surface  points.  The  method  is  adaptable  to  all 
uniform-channel  flow  problems  except  those  with  horizontal  or  adverse  bot¬ 
tom  slopes.  The  more  elaborate  method  of  Keifer  and  Chu^)  is  indicated 
for  problems  with  circular  section  when  accuracy  is  required.  The  method 
may  be  used  for  natural  water  courses  if  the  cross  section  and  slope  are 
assumed  uniform  and  hydraulic  shape  exponents  are  determined.  Precise  de¬ 
termination  of  the  hydraulic  exponent  is  not  necessary  to  assure  appropri¬ 
ate  accuracy  in  backwater  computations  for  natural  channels.  Usually  an 
average  value  within  the  indicated  range  of  depths  will  suffice. 

4.  The  equation  developed  by  Bakhmeteff  to  compute  the  water-surface 
profile  is: 

y  r 

L  -  ~  (T)g  -  1JX)  -  (1  -  |3)  B(T|g)  -  B^) 

0  L 


*  Raised  numbers  in  parentheses  refer  to  list  of  references  at  end  of 
text. 


010-2  to  OIO-5/3 


where 


L,  y  ,  and  S  =  length,  normal  depth,  and  bottom  slope, 
respectively 

t|  =  dimensionless  stage  variable  (y/y  ) 

3  =  dimensionless  quantity  (yc/yQ)^ 

B(t|)  =  varied  flow  function  (Chart  010-3) 
yc  =  critical  depth 
N  =  hydraulic  exponent  (Chart  010-4). 

If  the  equation  is  divided  by  yo/SQ  then 


L  j-  =  (n2  -  \)  -  (i  -  3)  b(h2)  -  B(nx) 


The  term  tu  -  is  the  vertical  intercept  of  the  varied-flow  function 
plotted  on  Chart  010-3.  The  factor  of  the  second  term,  B(  r^)  -  B^^), 
is  the  horizontal  intercept  and  1  -  3  is  a  slope  factor  which  converts 
the  horizontal  intercept  into  a  component  of  the  vertical.  If  the 
value  of  the  equation  computed  from  L  So/yQ  is  plotted  vertically  from 
a  known  on  Chart  010-3  and  the  required  slope  line  projected  from  the 
limit  of  this  line  to  the  curve,  a  value  of  ti2  is  obtained  from  which 
the  unknown  depth  can  be  computed,  yp  =  ^2  yo  ’ 

5.  Application.  Chart  010-2  defines  the  equations  required  in 
the  Escoffier  graphical  method  and  outlines  the  required  steps  in  the 
solution.  It  is  necessary  to  plot  the  slope  line,  1  -  3,  in  accordance 
with  the  horizontal  and  vertical  scales  of  the  chart. 

6.  Chart  010-4  presents  graphical  plots  of  hydraulic  exponents 
for  different  channel  shapes  for  use  in  conjunction  with  Chart  010-3. 

The  coordinates  are  in  dimensionless  terms  and  are  therefore  applicable 
to  channels  of  various  sizes.  The  equations  for  trapezoidal  and  circu¬ 
lar  shaped  channels  and  the  method  of  plotting  were  developed  by  N.  L. 
Barbarossa(2 ) .  The  general  equation  for  hydraulic  exponents  applicable 
to  all  channel  shapes  was  developed  by  Bakhmeteff. 


/ 

V 


7.  Large-scale  plots  of  the  varied-flow  function  can  be  made 
where  greater  accuracy  of  results  is  required.  Published  tables(l)  of 
the  varied-flow  function  are  given  on  Charts  010-5  to  010-5/3  for  con¬ 
venient  reference.  A  hydraulic  exponent  of  3*3  is  suggested  for  wide 
channels  with  two-dimensional  flow.  Tabulated  values  of  the  function 
for  N  =  3*3  were  computed  by  the  Waterways  Experiment  Station. 
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EQUATIONS  AND  DEFINITIONS 


ij  m  — ,  Where  y  a  depth  and  y  «  normal  depth. 
y 


■(*)' 


,  Where  y  *  critical  depth  and  N  -  hydraulic  axponant. 


I  -  — £• ,  Whara  L  »  langth  of  roach  and  S  »  bottom  slopa. 

y„  ° 


m  -  1-/3,  Whara  m  -  slope  of  construction  lino, 

GENERAL  APPLICATION 


'(life) 


1.  Givon  channel  shapes,  S  ,  Q,  y.  and  Manning’s  "n."  Required  to  find  y  at  a  distance 
L  from  yj. 

2.  The  following  charts  apply: 


Design  Criteria  Chart 


Channel  Type 

Wide  Channels 
Rectangular  Channels 
Trapezoidal  Channels 
Circular  Channels 


610-8 

610-9  and  9/1’ 
610-2  to  4/1  * 
224-8* 


610-8 
610-8 
610-5  to  7 
224-9 


'Also  requires  use  of  Charts  610-1  and  1/1. 


(  ) 


3.  Select  hydraulic  exponent  N  from  Chart  010-4. 

4.  Compute  rjj,  / 3,  X  and  m  from  above  equations. 

5.  Establish  rjl  on  curve  of  Chart  010-3  for  proper  value  of  exiionent  N. 

6.  Construct  I  in  units  of  if  vertically  from  q](  upward  for  i.egative  m  and  downward  for 
positive  m. 

7.  Draw  slope  line  m  through  extremity  of  I  and  find  if 2  where  slope  line  intersects  B(if) 
curve. 

8.  Compute  y2  -  yoifa. 


OPEN  CHANNEL  FLOW 

DEFINITION  AND  APPLICATION 

HYDRAULIC  DESIGN  CHART  010-2 
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BASIC  EQUATION 
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where: 


N  -  HYDRAULIC  EXPONENT 

(3.3  FOR  WIDE  RECTANGULAR 
CHANNELS) 


OPEN  CHANNEL  FLOW 

n  vs  b(h) 

HYDRAULIC  DESIGN  CHART  010-3 


mt 


3- 56 


0.000 

0.000 

0.000 

0.000 

0.000 

0.000 

0.000 

0.000 

0.000 

0.000 

0.000 

0.000 

0.020 

0.020 

0.020 

0.020 

0.020 

0.020 

0.020 

0.020 

0.020 

0.020 

0.020 

0.020 

0.040 

0.040 

0.040 

0,040 

0,040 

0.040 

0.040 

0.040 

0.040 

0.040 

0.040 

0.040 

0.060 

0.060 

C.060 

0.060 

0.060 

0.060 

0.060 

0.060 

0.060 

0.060 

0.060 

0.060 

0.080 

0.080 

0,080 

0,080 

0,080 

0.080 

0.080 

0.080 

0.080 

0.080 

0.080 

0.080 

0.100 

0.100 

0.100 

0.100 

0.100 

0.100 

0.100 

0.100 

0.100 

0,100 

0.100 

0.100 

0.120 

0.120 

0.120 

0.120 

0.120 

0.120 

0,120 

0.120 

0.120 

0.120 

0.120 

0.120 

0.140 

0.140 

0.140 

0.140 

0.140 

0.140 

0.140 

0.140 

0.140 

0.140 

0.140 

0.140 

0.160 

0.160 

0.160 

0.160 

0.160 

0.160 

0.160 

0.160 

0.160 

0.160 

0.160 

0.160 

0.180 

0.180 

0.180 

0.180 

0.180 

0,180 

0.180 

0.180 

0.180 

0.180 

0.180 

0.180 

0.201 

0.200 

0.200 

0.200 

0.200 

0.200 

0.200 

0.200 

0.200 

0.200 

0.200 

0.200 

0.221 

0.221 

0.220 

0.220 

0.220 

0.220 

0.220 

0.220 

0.220 

0.220 

0.220 

0.220 

0.241 

0.241 

0.241 

0.240 

0.240 

0.240 

0.240 

0.240 

0.240 

0.240 

0.240 

0.240 

0.262 

0.261 

0.261 

0.261 

0.261 

0.260 

0.260 

0.260 

0.260 

0.260 

0.260 

0.260 

0.282 

0.282 

0.281 

0.281 

0.281 

0.241 

0.280 

0.280 

0.280 

0.280 

0.280 

0.280 

0.303 

0,302 

0.302 

0.301 

0.301 

0.301 

0.301 

0.300 

0.300 

0.300 

0.300 

0.300 

0.324 

0.323 

0.322 

0.322 

0.322 

0.321 

0.321 

0.321 

0.321 

0..320 

0.320 

0.320 

0.344 

0.343 

0.343 

0.342 

0.342 

0.342 

0.341 

0.341 

0.341 

0.340 

0.340 

0.340 

0,366 

0.364 

0.363 

0.363 

0.363 

0.362 

0.362 

0.361 

0,361 

0.361 

0.360 

0.360 

0.38? 

0.385 

0.384 

0.383 

0.383 

0.383 

0.382 

0.382 

0.381 

0.381 

0.381 

0.380 

0.401 

0.407 

0.405 

0.404 

0.404 

0.403 

0.403 

0.402 

0.402 

0.401 

0.401 

0.400 

0.430 

0.428 

0.426 

0.425 

0.425 

0.424 

0.423 

0.423 

0.422 

0.421 

0.421 

0.421 

0.432 

0.450 

0.448 

0.447 

0.446 

0,445 

0.444 

0.443 

0.443 

0.442 

0.441 

0.441 

0.475 

0.472 

0.470 

0.469 

0.468 

0.466 

0.465 

0.464 

0.463 

0.462 

0.462 

0.461 

0.497 

0.494 

0.492 

0.490 

0.489 

0.488 

0.486 

0.485 

0.484 

0.483 

0,482 

0.481 

0.521 

0.517 

0.514 

0.512 

0.511 

0.509 

0.S08 

0.506 

0.505 

0.504 

0.503 

0.502 

0.544 

0.540 

0.536 

0.534 

0.534 

0.531 

0.529 

0.528 

0.527 

0.525 

0.523 

0.522 

0.568 

0.563 

0.559 

0.557 

0.556 

0.554 

0,551 

0.550 

0.548 

0.546 

0.544 

0.543 

0.593 

0,587 

0.583 

0.580 

0.579 

0.576 

0.574 

0.572 

0.570 

0.567 

0.565 

0.564 

0.618 

0.612 

0.607 

0.604 

0.603 

0.599 

0.596 

0.594 

0.592 

0.589 

0.587 

0.585 

0.644 

0.637 

0.631 

0.628 

0.627 

0.623 

0.620 

0.617 

0.614 

0.611 

0.608 

0.606 

0.657 

0.650 

0.644 

0.641 

0.639 

0.635 

0.631 

0.624 

0,626 

0,622 

0.619 

0.617 

0.671 

0.663 

0.657 

0.653 

0.651 

0.64? 

0.643 

0,640 

0,637 

0,633 

0.630 

0.628 

0.684 

0.676 

0.669 

0.666 

0.664 

0.659 

0.65$ 

0.652 

0.649 

0.644 

0.641 

©.638 

0.698 

0.690 

0.683 

0.678 

0.677 

0.672 

0.667 

0.664 

0.661 

0.656 

0.652 

0.649 

0.712 

0,703 

0.696 

0.692 

0.689 

0,684 

0,680 

0.676 

0.673 

0.667 

0.663 

0.660 

0.727 

0.717 

0.709 

0.705 

0,703 

0.697 

0.692 

0.688 

0.685 

0.679 

0.675 

0.672 

0.742 

0.731 

0.722 

0.718 

0.716 

0.710 

0.705 

0.701 

0.697 

0,691 

0.686 

0.683 

0.757 

0.746 

0.737 

0.732 

0.729 

0.723 

0,718 

0.713 

0.709 

0.703 

0.698 

0.694 

0.772 

0.761 

0.751 

0.746 

0.7'«3 

0.737 

0.731 

0.726 

0.722 

0.715 

0.710 

0.706 

0.787 

0.776 

0.766 

0.760 

0.757 

0,750 

0.744 

0.739 

0.735 

0.727 

0.722 

0,717 

0.804 

0.791 

0.781 

0.775 

0.772 

0.764 

0.758 

0.752 

0.748 

0,740 

0.734 

0.729 

0.820 

0.807 

0.796 

0,790 

0,786 

0.779 

0.772 

0.766 

0.761 

0.752 

0.746 

0.741 

0.837 

0.823 

0.811 

0.805 

0.802 

0.793 

0.786 

0.780 

0.774 

0.765 

0.759 

0,753 

0.854 

0.840 

0.827 

0.820 

0.817 

0.808 

0.800 

0.794 

0.788 

0.779 

0.771 

0.766 

BASIC  EQUATION 
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N  •  HYORAUUC  EXPONENT 


t\  -  0.00  TO  0.74  ’ 


*  FROM  TABLES  IN  BAKHMETEFF'S 

"HYDRAULICS  OF  OPEN  CHANNEL  FLOW." 
N  •  3.3  COMPUTED  BY  WES 


OPEN  CHANNEL  FLOW 
VARIED  FLOW  FUNCTION  Bty) 

HfDRAUUC  DESIGN  CHART  OIO-S 


WtS  4-4* 


0.75 

0.872 

0.857 

0.844 

0.836 

0.833 

0.823 

0.815 

0.808 

0.802 

0.792 

0.784 

0.778 

0.76 

0.890 

0.874 

0.861 

0.853 

0.849 

0.839 

0.830 

0.823 

0.817 

0.806 

0.794 

0.791 

0.77 

0.909 

0.892 

0.878 

0.870 

0.866 

0.855 

0.846 

0.838 

0.831 

0.820 

0.811 

0.804 

0.78 

0.929 

0.911 

0.896 

0.887 

0.883 

0.872 

0.862 

0.854 

0.847 

0,834 

0.825 

0317 

0.79 

0.949 

0.930 

0.914 

0.905 

0.901 

0.889 

0.879 

0.870 

0.862 

0.849 

0.839 

0.831 

0.80 

0.970 

0.950 

0.934 

0.924 

0.919 

0.907 

0.896 

0.887 

0.878 

0.865 

0.854 

0.845 

0.81 

0.992 

0.971 

0.954 

0.943 

0.938 

0.925 

0.914 

0.904 

0.895 

0.881 

0.869 

0.860 

0.82 

1.015 

0.993 

0.974 

0.964 

0.958 

0.945 

0.932 

0.922 

0.913 

0.897 

0,885 

0.875 

0,85 

1.039 

1.016 

0.996 

0.985 

0.979 

0.965 

0.952 

0.940 

0.931 

0.914 

0.901 

0.890 

0.84 

1.064 

1.040 

1.019 

1.007 

1.001 

0.985 

0.972 

0.960 

0.949 

0.932 

0.918 

0.906 

0.85 

1.091 

1.065 

1.043 

1.030 

1.024 

1.007 

0.993 

0.980 

0.969 

0.950 

0.935 

0.923 

0.86 

1.119 

1.092 

1.068 

1.055 

1.048 

1.031 

1.015 

1.002 

0.990 

0.970 

0.954 

0.940 

0.87 

1.149 

1.120 

1.095 

1.081 

1.074 

1.055 

1.039 

1.025 

1.012 

0.990 

0.973 

0.959 

0,88 

1.181 

1.151 

1.124 

1.109 

1.101 

1.081 

1.064 

1.049 

1.035 

1,012 

0.994 

0.978 

0.89 

1.216 

1.183 

1.155 

1.139 

1.131 

1.110 

1.091 

1.075 

1.060 

1.035 

1.015 

0.999 

0.90 

1.253 

1.218 

1.189 

1.171 

1.163 

1.140 

1.120 

1.103 

1.087 

1.060 

1.039 

1.021 

0.91 

1.294 

1.257 

1.225 

1.206 

1.197 

1.173 

1.152 

1.133 

1.116 

1.088 

1.064 

1.045 

0.92 

1.340 

1.300 

1.266 

1.245 

1.236 

1.210 

1.187 

1.166 

1.148 

1.117 

1.092 

1.072 

0.93 

1.391 

1.348 

1.311 

1.289 

1.279 

1.251 

1.226 

1.204 

1.184 

1.151 

1.123 

1.101 

0.94 

1.449 

1.403 

1.363 

1.339 

1.328 

1.297 

1.270 

1.246 

I.22S 

1.188 

1.158 

1.134 

0.95 

1.518 

1.467 

1.423 

1.397 

1.385 

1.352 

1.322 

1.296 

1.272 

1.232 

1.199 

1.172 

0.96 

1.601 

1.545 

1.497 

1.468 

1.454 

1.417 

1.385 

1.355 

1.329 

1.285 

1.248 

1.217 

0.97 

1,707 

1.644 

1.590 

1.558 

1.543 

1.501 

1.464 

1.431 

1.402 

1.351 

1.310 

1.275 

0.975 

1.773 

1.707 

1.649 

1.615 

1.598 

1.554 

1.514 

1.479 

1.447 

1.393 

1.348 

1.311 

0.980 

1.855 

1.783 

1.720 

1.684 

1.666 

1.617 

1.575 

1.536 

1.502 

1.443 

1.395 

1.354 

0.985 

1.959 

1.880 

1.112 

1.772 

1.752 

1.699 

1.652 

1.610 

1.573 

1.508 

1.454 

l.'»09 

0.990 

2.106 

2.017 

1.940 

1.894 

1.873 

1.814 

1.761 

1.714 

1.671 

1.598 

1.537 

1.487 

0.995 

2.355 

2.250 

2.159 

2.105 

2.079 

2.008 

1.945 

1.889 

1.838 

1.751 

1.678 

1.617 

0.999  ! 

2.931 

2.788 

2.663 

2.590 

2.554 

2.457 

2.370 

2.293 

2.223 

2.101 

2.002 

1.917 

Jo  n  1 


BASIC  EQUATION 

r\ 

Jo  n" 

where: 

1  ’  £ 

N  -  HYDRAULIC  EXPONENT 

*  FROM  TABLES  IN  BAKHMEY  EFF'S 

"HYDRAULICS  OF  OPEN  CHANNEL  FLOW. * 
N  »  3  3  COMPUTED  BY  WES. 


H  -  0.75  TO  0.999* 

OPEN  CHANNEL  FLOW 
VARIED  FLOW  FUNCTION  B  (r>) 

HYDRAULIC  DESIGN  CHART  010-6/  I 


WES  J-M 


v,Rj^«|^f**vfqprfPr  ^tr  J'vppy^v^ 

"  ’w'  *  *  ,-?»’* 


1.001 

2.399 

2.194 

2.008 

1.905 

1.856 

1.725 

1.610 

1.005 

1.919 

1.649 

1.506 

1.422 

1.384 

1.279 

1.189 

1.010 

1372 

1.419 

1.291 

1.217 

1.182 

1.089 

1.007 

1.015 

1.429 

1.286 

1.164 

1.097 

1.065 

0.979 

0.902 

1.02 

1.327 

1.191 

1.079 

1.013 

0,982 

0.900 

0.828 

1.03 

1.196 

1.060 

0.955 

0.894 

0.966 

0.790 

0.725 

1.04 

1.096 

0.967 

0.969 

0.911 

0.795 

0.714 

0.653 

1.05 

1.010 

0.896 

0.902 

0,747 

0.723 

0.656 

0.598 

1.06 

0.946 

0.639 

0.749 

0.696 

0.672 

0.609 

0.553 

1.0? 

0.996 

0.790 

0.703 

0.653 

0.630 

0.569 

0.516 

l.Ot 

0.851 

0.749 

0.645 

0.617 

0.595 

0.535 

0.495 

1.09 

0.612 

0.713 

0.631 

0.594 

0.563 

0.506 

0.457 

1.10 

0.777 

0,691 

0.601 

0.556 

0.536 

0.490 

0.433 

1.11 

0,746 

0.652 

0.575 

0.531 

0.511 

0.457 

0.411 

1.12 

0.719 

0.626 

0.551 

0.509 

0.489 

0.436 

0,392 

1.13 

0.692 

0.602 

0.529 

0.497 

0.461 

0.417 

0.374 

1 ,14 

0.669 

0.591 

0.509 

0.469 

0.450 

0.400 

0.358 

1.15 

0,647 

0.561 

0.490 

0.451 

0.432 

0.394 

0.343 

1.16 

0.627 

0,542 

0.473 

0,434 

0.417 

0.369 

0.329 

1,17 

0,609 

0.525 

0.459 

0.419 

0.402 

0.356 

0.317 

1.19 

0.591 

0.509 

0.443 

0.405 

0.399 

0.343 

0.305 

1.19 

0.574 

0,494 

0.429 

0.392 

0.375 

0,331 

0.294 

1,20 

0.559 

0.440 

0.416 

0.380 

0.363 

0.320 

0.283 

1.22 

0.531 

0.454 

0.392 

0.357 

0.341 

0.299 

0.264 

1.24 

0.505 

0.431 

0.371 

0.337 

0.322 

0.29* 

0.249 

1.26 

0.492 

0.410 

0.351 

0.319 

0.304 

0.265 

0.233 

1.29 

0.461 

0.391 

0.334 

0.303 

0.289 

0.250 

0.219 

1.30 

0.442 

0.373 

0.319 

0.289 

0.274 

0.237 

0.207 

1.32 

0.424 

0.357 

0.304 

0.274 

0.260 

0.225 

0.196 

1.34 

0.409 

0.342 

0.290 

0.261 

0.249 

0.214 

0.185 

1.36 

0.393 

0.329 

0.279 

0.250 

0,237 

0.204 

0.176 

1.39 

0,379 

0.316 

0.266 

0.239 

0.226 

0.194 

0.167 

1.40 

0.345 

0.304 

0.256 

0.229 

0.217 

0.195 

0.159 

1.42 

0.353 

0.293 

0.246 

0.219 

0.208 

0.177 

0.152 

1.44 

0.341 

0.292 

0.236 

0.211 

0.199 

0.169 

0.145 

1.46 

0.330 

0.273 

0.227 

0.202 

0.191 

0.162 

0.139 

1.49 

0.320 

0.263 

0.219 

0.195 

0.164 

0,156 

0.133 

1.50 

0.310 

0.255 

0,211 

0.198 

0.177 

0.149 

0.127 

1.55 

0.299 

0.235 

0.194 

0.171 

0.161 

0.135 

0.114 

1.60 

0.269 

0.219 

0,179 

0.157 

0.149 

0.123 

0.103 

1.65 

0.251 

0.203 

0,165 

0.145 

0.136 

0.113 

0.094 

1.70 

0.236 

0.199 

0,153 

0.134 

0.125 

0.103 

0.096 

1,75 

0.222 

0.177 

0,143 

0.124 

0.116 

0.095 

0.079 

1.90 

0.209 

0.166 

0,133 

0.116 

0.109 

0.098 

0.072 

1.95 

0.199 

0.156 

0.125 

0.109 

0.100 

0.082 

0,067 
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N  •  HYDRAULIC  EXPONENT 

*  FROM  TABLES  IN  BAKMMETEFF'S 
•HYDRAULICS  OF  OPEN  CHANNEL  FLOW." 
N«  3.3  COMPUTED  BY  WES. 


r\  »  I.OOI  TO  1.85* 

OPEN  CHANNEL  FLOW 
VARIED  FLOW  FUNCTION  B<n> 

HYDRAULIC  DESICN  CHART  010  -5/ 2 


2.1 

3.0 

3.2 

3.3 

3.4 

3.4 

3.4 

4.0 

4.2 

5.0 

5,4 

1.40 

0.114 

0.147 

0.117 

0.101 

0.044 

0.074 

0.042 

0.050 

0,041 

0.024 

0,020 

0.014 

1.95 

0,174 

0.134 

0,110 

0.044 

0.044 

0.070 

0.057 

0.044 

0.034 

0,024 

0.014 

0.012 

2.00 

0.144 

o.m 

0.104 

0.044 

0.042 

0.044 

0.053 

0.043 

0.033 

0.023 

0.014 

0,01] 

2.1 

0.134 

0.114 

0.042 

0.074 

0.073 

0.054 

0.044 

0.037 

0.030 

0.014 

0.013 

0.004 

2.2 

0.141 

0.1  OT 

0,043 

0.070 

0.045 

0*051 

0.040 

0.032 

0.025 

0.014 

0.011 

0.047 

2.3 

0.124 

0.044 

0.073 

0.043 

0.034 

0.045 

0.035 

0.024 

0.022 

0.014 

0.004 

0.004 

2.4 

0.114 

0.044 

0,044 

0.057 

0.052 

0.040 

0.031 

0.024 

0.014 

0,012 

0.004 

0,005 

2.5 

OtllO 

0.042 

0,042 

0.052 

0.047 

0.034 

0.024 

0.022 

0.017 

0.010 

0.004 

0.004 

2.4 

0.102 

0.074 

0,057 

0.047 

0.043 

0.033 

0.025 

0.014 

0.015 

0.004 

0,005 

0.003 

2.7 

0.045 

0.070 

0.052 

0.043 

0.034 

0.024 

0.022 

0.017 

0.013 

0,004 

0.005 

0.003 

2.i 

0.044 

0.043 

0.044 

0.034 

0.034 

0.027 

0.020 

0.015 

0.012 

0,007 

0.004 

0.002 

2.4 

0.043 

0.040 

0,044 

0.034 

0.033 

0.024 

9.014 

0.014 

0.010 

0,004 

0.004 

0.002 

3.0 

0.074 

0.054 

0.041 

0,033 

0.030 

0.022 

0.017 

0,012 

0.004 

0,005 

0,003 

0.002 

3.5 

0.034 

0.041 

0.024 

0.023 

0,021 

0.013 

0,011 

0.004 

0.004 

0,003 

0.002 

0.001 

4.0 

0.044 

0.031 

0,022 

0.017 

0.015 

0.010 

0.007 

0.005 

0.004 

0,002 

0.001 

0.000 

4.3 

0.037 

0.025 

0,017 

0.013 

0.011 

0.004 

0.005 

0.004 

0.003 

0.001 

0.001 

0.000 

3.0 

0.031 

0.020 

0.013 

0.010 

0.004 

0,004 

0.004 

0.003 

0.002 

0,001 

0.000 

0.000 

4.0 

0.022 

0.014 

0,004 

0.007 

0.004 

0.004 

0.002 

0.002 

0.001 

0.000 

0.000 

0.000 

7.0 

0.017 

0.010 

0.004 

0.003 

0.004 

0.002 

0.002 

0.001 

0.001 

4.0 

0.013 

0.004 

0.005 

0.003 

0.003 

0.002 

0.001 

0.001 

0.000 

4.0 

0.011 

0.004 

0.004 

0.003 

0,002 

0.001 

0.001 

0.000 

0,000 

10.0 

0.004 

0.005 

0.003 

0.002 

0.002 

0.001 

0.001 

0.000 

0.000 

20.0 

0.004 

0.002 

0.001 

0.001 

0.001 

0.000 

0.000 

0.000 

0.000 

:  ( 
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H  •  HYDRAULIC  EXPONENT 

*  FROM  TABLES  IN  BAKHMETEFF'S 
•HYDRAULICS  OF  OPEN  CHANNEL  FLOW" 
N-  3.3  COMPUTED  BY  WES. 


H  •  1.90  TO  20.0  * 

OPEN  CHANNEL  FLOW 
VARIED  FLOW  FUNCTION  BO*) 

HYDRAULIC  DESIGN  CHART  010- S/3 


HYDRAULIC  DESIGN  CRITERIA 


SHEETS  010-6  TO  010-6/5 
OPEN  CHANNEL  PLOW 
BRIDGE  PIER  LOSSES 


Background 


1.  Methods  for  computing  head  losses  at  bridge  piers  have  been  de¬ 
veloped  by  D'Aubuisson,  Nagler,  Yarnell,  Koch  and  Carstanjen,  and  others. 
Each  method  is  based  on  experimental  data  for  limited  flow  conditions. 
Complete  agreement  between  methods  is  not  always  obtained.  The  energy 
method  of  Yarnell(4)  and  the  momentum  method  of  Koch  and  Carstanjen(  1) 
have  been  widely  used  in  the  United  States. 

Equations  for  Classes  of  Flow 

2.  Three  classes  of  flow  conditions,  A,  B,  and  C,  are  encountered 
in  the  bridge  pier  problem.  Hydraulic  Design  Chart  010-6  illustrates  the 
flow  condition  upstream  from,  within,  and  downstream  from  the  bridge  sec¬ 
tion  for  each  class  of  flow.  The  energy  method  of  Yarnell  is  generally 
used  for  the  solution  of  Class  A  flow  problems,  and  is  also  used  for 
solution  of  Class  B  flow.  However,  the  momentum  method  of  Koch  and 
Carstanjen  is  believed  more  applicable  to  Class  B  flow,  and  is  also  ap¬ 
plicable  for  solution  of  Class  C  flow. 

3.  Energy  Method,  Class  A  Flow.  The  Yarnell  equation  for  Class  A 
flow  is 

H3  =  2K(K  +  IOoj  -  0.6)(o  +  15a  )  ~ 

where 

=  drop  in  water  surface,  in  ft,  from  upstream  to  downstream  at 
the  contraction 

K  =  experimental  pier  shape  coefficient 

cu  =  ratio  of  velocity  head  to  depth  downstream  from  the  contraction 
a  =  horizontal  contraction  ratio 
Vg  =  velocity  downstream  from  the  contraction  in  ft  per  sec 
g  =  acceleration,  gravitational,  in  ft  per  sec2 

The  values  of  K  determined  by  Yarnell  for  different  pier  shapes  are 
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Pier  Shape _  K 


Semicircular  nose  and  tail  O.90 
Twin- cylinder  piers  with  connecting  diaphragm  0.95 
Twin-cylinder  piers  without  diaphragm  1.05 
90  deg  triangular  nose  and  tail  1.05 
Square  nose  and  tail  1.25 


4.  Energy  Method,  Class  B  Flow.  The  Yarnell  equations  for  Class  B 
flow  are 

K.ci 

J3  °B  2g 


and 


CB  =  0.50  +  Kb(5.5o3  +  0.08) 


where 

Lg  =  pier  nose  loss  in  ft 

Cg  =  pier  nose  loss  coefficient 

Vg  =  velocity  upstream  from  the  contraction  in  -ft  per  sec 
Kg  =  experimental  pier  shape  coefficient 

The  values  of  Kg  determined  by  Yarnell  for  different  pier  shapes  are 

Pier  Shape  KB 

Square  nose  piers  5 

Round  nose  piers  1 


The  following  equation  permits  solution  of  the  Yarnell  equation  for  Class  B 
flow  by  successive  approximation 


dl  =  dL  +  S 


where 

dg  =  upstream  water  depth  in  ft 

dg  =  the  higher  depth,  in  ft,  in  the  unobstructed  channel  which  has 
flow  of  equal  energy  to  that  required  for  critical  flow  within 
the  constricted  bridge  section 

5.  Momentum  Method,  Class  B  Flow.  Koch  and  Carstanjen  applied  the 
momentum  principle  to  flow  past  bridge  piers  and  verified  their  results 
by  laboratory  investigations.  The  total  upstream  momentum  minus  the 
momentum  loss  at  the  entrance  equals  the  total  momentum  within  the  pier 
section.  This  momentum  quantity  is  also  equal  to  the  total  momentum  down¬ 
stream  minus  bhe  static  pressure  on  the  downstream  obstructed  area.  The 
general  momentum  equation  is 

010-6  to  010-6/5 
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where 


m,  -  m  +  (A,  -  A  )  = 

1  p  .21  p 


gA 


,70, 

m2  +  i^  -m3 


m  + 
P 


s 

i 

I 


Q  =  discharge  in  cfs 

m  =  total  static  pressure  of  water  in  the  upstream 
^  section,  pier  section,  downstream  section,  and 
on  the  pier  ends,  respectively,  in  lb 
A_  =  cross-sectional  area  of  the  upstream  channel, 

^  pier  obstruction,  channel  within  the  pier  sec¬ 
tion,  and  downstream  channel,  respectively, 
in  sq  ft 

7  =  specific  weight  of  water,  62.5  lb/cu  ft 


6.  Graphical  Solutions.  The  U.  S.  Army  Engineer  District,  Los 
Angeles (3),  modified  Yarnell's  charts  for  solution  of  Class  A  and 
Class  B  flow,  and  developed  a  graphical  solution  for  Class  B  flow  by 
the  momentum  method.  The  U.  S.  Army  Engineer  District,  Chicago  (2), 
simplified  the  Los  Angeles  District's  graphical  solution  for  Class  B 
flow  by  the  energy  method.  Hydraulic  Design  Charts  010-6/2  and  010-6/3, 
respectively,  present  the  Los  Angeles  District  solutions  for  Class  A 
flow  by  the  energy  method  and  Class  B  flow  by  the  momentum  method. 

Chart  010-6/4  presents  the  Chicago  District's  solution  for  Class  B  flow 
by  the  energy  method. 


i 


i 

't 

i 
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Application 


7.  Classification  of  Flow,  Flow  classification  can  be  determined 

i  from  Chart  010- 6/l.  The  intersection  of  the  computed  value  of  \  (the 

ratio  of  the  channel  depth  without  piers  to  the  critical  depth)  and  <y 
(the  horizontal  contraction  ratio)  determines  the  flow  classification. 

8.  Class  A  Flow.  Chart  010-6/2  presents  a  graphical  solution  of 
Class  A  flow  for  five  types  of  bridge  piers.  Enter  the  chart  hori¬ 
zontally  with  a  known  to  a  known  a  •  Determine  the  value  of  X  . 
The  head  loss  through  the  pier  section  (H3)  is  obtained  by  multiplying 
the  critical  depth  in  the  unobstructed  channel  by  X  for  round  nose 
piers  or  by  7X  for  the  other  pier  shapes  shown  on  the  chart. 

9.  Class  B  Flow.  Bridge  pier  losses  by  the  momentum  method  can 
be  determined  from  Chart  010-6/3.  For  a  known  value  of  a  ,  the  re¬ 
quired  ratio  of  d^/dc  can  be  obtained  and  the  upstream  depth  computed. 

i  Chart  010-6/4  permits  solution  of  Class  B  flow  for  round  and  square 

nose  piers  by  the  energy  method.  This  chart  is  used  in  the  same  manner 
as  Chart  010-6/3 . 

10.  Class  C  Flow.  Class  C  flow  is  seldom  encountered  in  practi¬ 
cal  problems.  A  graphical  solution  has  not  been  developed,  and 
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analytical  solution  by  the  momentum  method  is  necessary. 


lx.  Sample  Computation.  Chart  010-6/5  is  a  sample  computation 
illustrating  the  use  of  the  charts.  A  borderline  flow  condition  be¬ 
tween  Class  A  and  Class  B  is  assumed.  This  permits  three  solutions  to 
the  problem.  The  most  conservative  solution  is  recommended  for  design 
purposes . 
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D.  C.,  November  1934. 
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NOTE:  a  =  Wp/Wc  s  HORIZONTAL  CONTRACTION  RATIO 
Wp  =  TOTAL  PIER  WIDTH 
W  =  GROSS  CHANNEL  WIOTH 
d,  =  UPSTREAM  DEPTH 
dj  =  DEPTH  WITHIN  PIER  SECTION 
d3  s  DOWNSTREAM  DEPTH 

dc  =  CRITICAL  DEPTH  WITHIN  THE  UNOBSTRUCTED 
CHANNEL  SECTION 

dc2  =  CRITICAL  DEPTH  WITHIN  THE  P'PR  S-'CTION 


OPEN  CHANNEL  FLOW 

RECTANGULAR  SECTION 
BRIDGE  PIER  LOSSES 
DEFINITION 

HYDRAULIC  DESIGN  CHART  010-6 
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X  -  5*  (ROUND  NOSE  PIERS) 
dc 


d,-d3+H, 

DEFINITION  SKETCH 


NOTE  dc  =  CRITICAL  DEPTH  WITHIN  THE 

UNOBSTRUCTED  CHANNEL  SECTION 
dC2  =  CRITICAL  DEPTH  WITHIN  THE 
PIER  SECTION 

Hj  =  Xdc  (ROUND  NOSE  PIERS) 

Hj  =  Xdcr  (INDICATED  SHAPES) 


OPEN  CHANNEL  FLOW 

RECTANGULAR  SECTION 
BRIDGE  PIER  LOSSES 
CLASS  A  FLOW  -  ENERGY  METHOD 


HYDRAULIC  DESIGN  CHART  0I0-S/2 
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0C  =  HORIZONTAL  CONTRACTION  RATIO 


NOTE  A,  =  d,/dc 

d,  =  UPSTREAM  WATER  DEPTH 
dc  =  CRITICAL  DEPTH  WITHIN  THE 

UNOBSTRUCTED  CHANNEL  SECTION 
dc2  =  CRITICAL  OEPTH  WITHIN 
THE  PIER  SECTION 

a  =  HORIZONTAL  CONTRACTION  RATIO 

I  AUNT  CMOtMCfft  »f  A110N  V!C*i«U«G 


OPEN  CHANNEL  FLOW 

RECTANGULAR  SECTION 
BRIDGE  PIER  LOSSES 
CLASS  B  FLOW  -  MOMENTUM  METHOD 

HYDRAULIC  DESIGN  CHART  010-6/3 
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U.  S.  ARMY  ENGINEER  WATERWAYS  EXPERIMENT  STATION 
COMPUTATION  SHEET 

JOB  CW  804  PROJECT  John  Dot  Rim  SUBJECT  Rec; ong lorChonnel 

COMPUTATION  Bridge  Pier  Loss _ 

COMPUTED  BY  MBB  DATE  12/17/58  CHECKED  BY  WTH  DATE  12/18/58 


GIVEN: 

Rectangular  channel  section  [ 

Round  nose  piers 

Channel  discharge  (Q)  =  40,000  cfs 
Channel  width  (Wt)  =  200  ft 
Total  pier  width  (Wp)  =  20  ft 
Depth  without  bridge  piers  (d)  =  14.3  ft 


COMPUTE: 


to*- 


Uf 


-iw- 


( 


1.  Horizontal  .infraction  ratio  (ac ) 


2.  Discharge  (q)  per  ft  of  channel  width 


3.  Critical  depth  (dc)  in  unobstructed  channel 

From  Chart  610-8,  d,  =  10.8  ft 
for  q  =  200  cfs. 

4.  A  =  d/d«  =  14.3/10.8 

=  1.324 

5.  Flow  classification 

On  Chart  010-6/1,  intersection 
of  a  -  0.10  and  A  =  1.324  is 
In  zone  marked  Class  A  or  B. 


6.  Upstream  depth  (d|) 

a.  Class  A  flow  •  Energy  Method 

di  =  d3  +  H3  (Chart  010-6/2 
H3=  Xdc 

X  =  0.127  for  a  =0.10 
and  =  A  =  1.324 

H3=  0.127  *  "J.8=  1.37 

d)=  14.3+  1.37=  15.67  ft 

b.  Class  B  flow  -  Momentum  Method 

dt  =  Ai  d*  (Chart  010-6/3) 

A|=  1.435  for  a  =0.10 

dj=  1.435*  10.8=  15.50  ft 

c.  Class  B  flow  -  Energy  Method 

dt  =  A,  d«  (Chart  010-6/4) 

Aj  =  1.460  for  a  =  0.10 

d|  =  1.460  *  10.8=  15.77  ft 


OPEN  CHANNEL  FLOW 

RECTANGULAR  SECTION 
BRIDGE  PIER  LOSSES 
SAMPLE  COMPUTATION 

HYDRAULIC  DESIGN  CHART  010-6/5 
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HYDRAULIC  DESIGN  CRITERIA 


SHEET  010-7 


OPEN  CHANNEL  FLOW 


TRASH  RACK  LOSSES 


1.  The  energy  loss  of  flow  through  trash  racks  depends  upon  the 
shape,  size,  and  spacing  of  the  bars  and  the  velocity  of  flow.  Hydraulic 
Design  Chart  010-7  shows  loss  coefficient  curves  for  different  bar  designs. 
The  curves  are  based  on  tests  in  open  channels  with  the  racks  perpendicular 
to  the  line  of  flow. 


2.  Stockholm  Tests.  Tests  made  in  the  Hydraulic  Structures  Labora¬ 
tory  of  the  Royal  Technical  University  at  Stockholm,  Sweden,  were  reported 
by  W.  Fellenius(l) .  The  publication  also  presents  results  for  bar  shapes 
and  sizes  not  included  on  Chart  010-7*  The  effects  of  sloping  the  racks 
were  also  studied. 

3.  Munich  Tests.  Tests  made  in  the  Hydraulic  Institute  of  the 
Technical  University  at  Munich,  Germany,  were  reported  by  0.  Kirschmer(2) . 
The  tests  included  other  bar  shapes  not  shown  on  the  chart.  The  effects 
of  tilting  the  rack  were  also  studied.  Spangler(3)  investigated  the  ef¬ 
fects  of  varying  the  horizontal  angle  of  approach  channel  to  the  trash 
rack. 

4.  Application.  The  loss  coefficients  shown  on  Chart  010-7  were  ob¬ 
tained  from  teats  in  which  the  racks  protruded  above  the  water  surface. 

The  applicability  of  the  data  to  submerged  racks  is  not  known.  As  stated 
above,  numerous  other  shapes  were  tested  at  Stockholm  and  Munich.  The  data 
presented  on  Chart  010-7  were  selected  to  demonstrate  the  general  effect  of 
bar  shape  on  head  loss, 

5.  References. 

(1)  Fellenius,  W.,  "Experiments  on  the  head  loss  caused  by  protecting 

racks  at  water-power  plants."  Meddelande  No.  5  Vattenbyggnadsinstitu- 
tionen,  Vid  Kungl.  Tekniska  Hogskoian,  Stockholm  (1928) .  Summary  and 
pertinent  data  also  published  in  Hydraulic  Laboratory  Practice,  ASME 
(1929),  P  533.  ”  "  '  "  ~  '  “ 

(2)  Kirschmer,  0.,  "Investigation  regarding  the  determination  of  head 
loss."  Mitteilungen  des  Hydraulischen  Instituts  der  Technischen 
Hochschule  Munchen,  Heft  1 (192&),  p  21. 

(3)  Spangler,  J. ,  "Investigations  of  the  loss  through  trash  racks  inclined 
obliquely  to  the  stream  flow."  Mitteilungen  des  Hydraulischen  Insti¬ 
tuts  der  Technischen  Hochschule  Munchen ]  Heft  2  (1928),  p  46.  English 
translation  published  in  Hydraulic  Laboratory  Practice,  ASME  (1929), 
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SHEET  050-1 


AIR  DEMAND  -  REGULATED  OUTLET  WORKS 


1.  Background .  The  data  presented  are  considered  applicable  to 
slide  and  tractor  gates  operating  in  rectangular  gate  chambers.  Previous 
designs  of  air  vents  have  been  based  on  arbitrary  adoption  of  a  ratio  of 
the  cross-sectional  area  of  the  air  vent  to  that  of  the  conduit  being 
aerated . 

2.  Iowa  Tests.  Kalinske  and  Robertson*  have  published  the  results 
of  tests  on  the  air  demand  of  a  hydraulic  jump  in  a  circular  conduit. 

They  found  the  ratio  of  air  demand  to  water  discharge  (6)  to  be  a  function 
of  the  Froude  number  minus  one.  The  formula  which  was  developed  is  indi¬ 
cated  in  HDC  050-1. 

3-  Prototype  Tests.  A  number  of  prototype  tests  on  existing  out¬ 
let  works  have  been  analyzed  and  compared  graphically  with  the  Kalinske 
and  Robertson  formula  in  HDC  050-1.  In  some  of  the  prototype  tests,  gate 
openings  varied  from  small  to  full  opening  where  pressure  flow  existed 
throughout  the  entire  system.  The  maximum  air  demand  is  found  at  some 
intermediate  gate  opening.  The  ratios  of  this  gate  opening  (Gm)  to  full 
gate  opening  (Gf )  are  shown  in  table  1  together  with  other  pertinent 
information. 

Table  1 


Dam 

Max 

Air 

Velocity 

ft/sec 

Vent 
Area  A 

V 

sq  ft 

Conduit 
Area  A 

c 

sq  ft 

A 

V 

A 

c 

Gate  Openings 
ft 

Max  Air  Full 

G  G„ 

m  f 

JB 

Gf 

Pine  Flat 

280 

4.91 

45.0 

0.109 

5-5 

9.0 

0.611 

Tygart 

219 

0.79 

56.7 

0.014 

8-3 

10.0 

0.833 

Norfork 

127 

2.18 

24.0 

0.091 

5.0 

6.0 

0.833 

Denison 

57 

22.33 

314.2 

0.071 

13.0 

19.0 

0.685 

Hulah 

36 

1.4o 

32.5 

0.043 

4.0 

6.5 

O.615 

4.  Extensive  Corps  of  Engineers  air -demand  tests  were  made  at  Pine 
Flat  Dam  from  1952  to  1956.  These  tests  included  heads  up  to  370  ft 


*  A.  A.  Kalinske  and  J.  W.  Robertson,  "Entrainment  of  air  in  flowing 
water- -closed  conduit  flow."  Transactions ,  American  Society  of  Civil 
Engineers,  vol  108  (1943)*  PP  1435 -l557^ 
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although  gates  are  not  normally  operated  under  such  high  heads.  The  Pine 
Flat  test  data  are  in  good  agreement  with  other  field  data,  as  shown  by  the 
plots  in  HDC  050-1. 

5-  Recommendations .  A  straight  line  in  HDC  050-1  indicates  a  sug¬ 
gested  design  assumption.  It  is  suggestea  that  the  maximum  air  demand  be 
assumed  to  occur  at  a  gate  opening  ratio  of  80  percent  in  sluices  through 
concrete  dams.  A  gate  lip  with  a  45-degree  angle  on  the  bottom  can  be 
expected  to  have  a  cor  traction  coefficient  of  approximately  0.80.  The 
Froude  number  should  be  based  on  the  effective  depth  at  the  vena  contracta 
which,  with  the  above-mentioned  factors,  would  be  64  percent  of  the  sluice 
depth.  The  suggested  design  curve  can  be  used  to  determine  the  ratios  of 
air  demand  to  water  discharge.  It  is  further  suggested  that  air  vents  be 
designed  for  velocities  of  not  more  than  150  ft  per  sec.  The  disadvantage 
of  excessive  air  velocities  is  a  high  head  loss  in  the  air  vent  which 
causes  subatmospheric  pressures  in  the  water  conduit.  Outlet  works  with 
well -streamlined  water  passages  can  tolerate  lower  pressures  without  cavi¬ 
tation  trouble  than  those  with  less  effectively  streamlined  water  passages. 
The  suggested  design  assumptions  for  sluices  will  result  in  area  ratios  of 
air  vent  to  sluice  of  approximately  12  percent  for  each  150  ft  of  head  on 
a  4-  by  6-ft  sluice,  and  12  percent  for  each  200  ft  of  head  on  a  5-ft-8-in. 
by  10-ft  sluice.  In  applying  the  curve  to  circular  tunnels  controlled  by 
one  or  more  rectangular  gates,  the  effective  depth  should  be  based  on  flow 
jn  64  percent  of  the  area  of  the  tunnel  for  maximum  air  demand.  These  are 
general  design  rules  which  have  been  devised  until  additional  experimental 
data  are  available. 
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(Fr  -0 


NOTE  :  Fr  =  V/VJ7  (FROUDE  NUMBER) 

V  =  WATER  VELOCITY  AT  VENA 
CONTRACTA,  FT/SEC 
y  =  WATER  DEPTH  AT  VENA 
CONTPACTA,  FT 
Q*=  air  demand,  cfs 
Q*=  WATER  DISCHARGE,  CFS 

LEGEND 

0—0  PINE  FLAT-H=  370  FT 

0 - O  PINE  FLAT- H=  304  FT 

O— — O  PINE  FLAT  -MS  254  FT 

0 - 0  DENISON  -  H  “  64  FT 

X - X  HULAH  -  H  r  24  FT 

A - A  NORFORK  -  H  =  164  FT 

V  TYGART-Hs  92  FT 
H  z  HEAD,  POOL  TO  CONDUIT  CENTER  LINE 
FIGURES  ON  GRAPH  SHOW  GATE 
OPENING  IN  FEET. 
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SHEET  050-1/1 


AIR  DEMAND  -  REGULATED  OUTLET  WORKS 


PRIMARY  AND  SECONDARY  MAXIMA 


1.  Field  tests  to  determine  air  demand  in  regulated  outlet  works 
have  indicated  two  gate  positions  at  which  the  air  demand  greatly  exceeds 
that  of  other  gate  openings.  Large  quantities  of  air  are  required  when  the 
gate  is  about  5  per  cent  open  and  again  at  some  gate  position  between  50 
and  100  per  cent  open.  Hydraulic  Design  Chart  050-1/1  shows  the  observed 
air  demand  in  cfs  plotted  against  per  cent  of  gate  opening  for  a  number  of 
operating  heads  at  Pine  Flat,  Norfork,  and  John  H.  Kerr  Dams.  The  chart 
also  indicates  flow  conditions  below  the  gate  for  various  openings. 


2.  At  small  gate  openings  the  jet  frays  or  breaks  up  and  entrains 
large  quantities  of  air.  As  the  gate  opening  increases  the  air  dema>'d 
rapidly  decreases  and  then  increases  to  a  second  maximum  just  before  the 
conduit  flows  full  at  the  exit  portal.  In  this  phase  of  operation,  the 
air  demand  is  caused  by  the  drag  force  between  the  water  surface  and  the 
air  above.  With  larger  gate  openings,  a  hydraulic  jump  forms  in  the  con¬ 
duit  and  the  air  demand  is  limited  by  the  capacity  of  the  jump  to  entrain 
and  remove  air.  When  the  conduit  flows  full  the  air  demand  becomes  zero. 

3.  Chart  050-1/1  is  included  to  show  the  qualitative  characteristics 
of  air  demand.  Sufficient  prototype  data  are  not  available  to  develop  a 
relationship  between  air  demand,  heau  and  other  factors. 
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HYDRAULIC  DESIGN  CRITERIA 
SHEET  050-2 

SAMPLE  AIR  VENT  DESIGN  COMPUTATIONS 


1.  A  sample  computation  for  the  design  of  an  air  vent  is  given  on 
Hydraulic  Design  Chart  050-2.  This  computation  is  included  in  order  to 
clarify  the  explanation  given  on  sheet  050-1.  The  coefficients  of  dis¬ 
charge  as  given  on  Chart  320-1  may  be  considered  to  be  contraction  coeffi¬ 
cients  for  determining  the  depth  of  water  at  the  vena  contracta. 
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U.  S.  ARMY  ENGINEER  WATERWAYS  EXPERIMENT  STATION 
COMPUTATION  SHEET 


JOB’-  ES  804 

COMPUTATION : _ 

COMPUTED  BY: _ BG 


PROJECT: 


John  Doe  Dam 


SUBJECT:  Air  Demand 


Air  Vent  Size,  Hydraulic  Design 


DATE-.  9/5/52  CHECKED  BY:  AAMC  DATE:  9/5/52 


GIVEN: 

Sluice  size:  Width  (B)  =  4  ft 
Height  (D)  -  9  ft 
45°  gate  lip 

Elevation  sluice  invert  at  gate  127.0 
Design  pool  elevation  352.0 

FROM  HYDF.aULIC  DESIGN  SHEET  050-1  AND  320-1 

Assume  maximum  air  discharge  (Qq)  at  80%  gate  opening. 
Discharge  coefficient  (C)  for  45°  gate  lip  =  0.80, 


Depth  of  water  at  vena  contracta  (y)  -  80%  x  0,80  x  9.0  =  5.76  ft 
Effective  head,  H  =  352.0  -  (127.0  t  5.76)  =  219.24 
Water  discharge  (QJ  =  CAV  =  By  ^  =  4.0  (5.76)  ^64.4  (219.24) 
Qw  *  2740  cfs 
Qw  2740 

V  =  -T-  =s  r— — =-= 7^  119.0  ft/sec  velocity  of  water  at  vena  contracta 
A  4.0  x  5.76 


POOL  ELEVATION 


P  _  _V_  -  119.0 

'  t/J?  ’  "t/ 32.2  (5.76) 
(F  -  1)  =  7.75 


8,75  Froude  number  ot  vena  contracto 


FROM  HYDRAULIC  DESIGN  CHART  050-1.  ft  =  0.28 

Qa„/}Qw=  0.28  (2740) 

Q.  =  767  cfs 


FROM  HYDRAULIC  DESIGN  SHEET  050-1.  Maximum  Air  Velocity  (Vq)  =  150  ft/sec 


A^  -  =  5.  i  sq  ft  area  of  air  vent  requi.ed 

Diameter  for  circular  vent  =  2.55  ft 


AIR  DEMAND 
REGULATED  OUTLET  WORKS 
SAMPLE  COMPUTATION 
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HYDRAULIC  DESIGN  CRITERIA 


SHEET  0.50-3 
AIR  ENTRAINMENT 
WIDE  CHUTE  PLOW 


1.  Purpose.  The  entrainment  of  air  in  flow  through  a  chute  spillway- 
causes  bulking  which  necessitates  increasing  the  sidewall  design  height. 

HDC  050-3  may  be  used  to  estimate  the  percentage  by  volume  of  air  that  will 
be  entrained  in  the  flow  at  terminal  velocity  and  its  effect  on  flow  depth. 

2.  Previous  Criteria.  Previous  criteria  for  estimating  air  entrain¬ 
ment  have  been  influenced  by  investigations  on  narrow  chutes  as  reported  by 
Hall. \2/  The  data  for  flows  through  narrow  chutes  show  the  marked  effects 
of  sidewalls  on  the  amount  of  air  entrained. 

3.  Basic  Data.  Recent  tests  at  the  University  of  Minnesota^ )  on 
artificially  roughened  channels  have  afforded  new  information  on  chutes  for 
relatively  large  width-depth  ratios  which  eliminate  the  sidewall  effect. 

It  was  found  that  the  mean  air  concentration  ratio  of  air  volume  to  air- 
plus-water  volume,  C  ,  is  .a  function  of  the  shear  velocity  and  transition 
depth  parameter,  Vs/ (d^)2/^  .  This  suggests  that  the  intensity  of  the 
turbulent  fluctuations  causing  air  entrainment  is  increasingly  damped  with 
increasing  depth.  A  more  convenient  empirical  expression  of  this  parameter 
is  the  ratio  of  the  sine  of  the  bottom  slope  to  the  unit  discharge  in  cubic 
feet  per  second,  s/ql/5  .  This  ratio  is  used  in  HDC  050-3. 

4.  The  Minnesota  laboratory  data  are  shown  in  HDC  050-3  together 
with  field  data  for  the  Kittitas  chute . ' 2 •  The  Minnesota  data  were  ob¬ 
tained  by  the  use  of  highly  refined  electronic  equipment  developed  at 
St.  Anthony  Falls  Hydraulic  Laboratory,  University  of  Minnesota.  The 
Kittitas  results  were  derived  from  field  measurements  of  water-surface 
elevations  under  conditions  of  high  velocities  and  great  turbulence.  The 
Kittitas  data  selected  for  use  in  developing  HDC  050-3  were  for  flows  with 
flow  width  exceeding  five  times  the  depth  to  eliminate  the  sidewall  effect. 
The  low  concentration  ratios  indicated  by  these  data  appear  consistent  with 
visual  observations  of  flows  near  the  downstream  ends  of  the  Fort  Peck'^' 
and  Arkabutla  spillway  chutes. 

5*  Suggested  Criteria.  The  curve  of  best  fit  in  HDC  050-3  was  de¬ 
termined  by  the  least  squares  method  using  both  the  Minnesota  and  Kittitas 
data.  The  suggested  design  curve  is  believed  to  be  a  conservative  basis 
for  design.  The  results  are  applicable  to  flow  at  terminal  velocity  in 
chute  spillways  having  width-depth  ratios  greater  than  five. 
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AIR  CONCENTRATION 


LEGEND 

MINNESOTA  OATA 
X  $*  0  13 
0  S  *  0  26 
O  S  •  0  38 
A  5*0  50 
+  S  *  0  61 
v  5*0  n 

■  S  •  0  87 
A  S-0  97 

KITTITAS  DATA 
O  S«0  18 


NOTE  £  •  RATIO  OF  AIR  VOLUME  TO  AIR  - 
PLUS-WATER  VOLUME 
q  -DISCHARGE  PER  UNIT  WIDTH,  CFS 
5  -  SINE  OF  ANGLE  OF  CHUTE 
NCLINATION 


AIR  ENTRAINMENT 
WIDE  CHUTE  FLOW 

CONCENTRATION  (C)  VS  S/q,/5 
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HYDRAULIC  DESIGN  CRITERIA 


SHEETS  060-1  TO  060-1/5 
GATE  VIBRATION 


1.  Furpcse.  One  of  the  problems  in  the  design  of  reservoir  out¬ 
let  structures  is  the  determination  of  whether  any  disturbing  frequencies 
are  inherent  in  the  hydraulic  system  that  may  equal  or  approach  the  natu¬ 
ral  frequency  of  the  gate  and  cause  resonance  with  resulting  violent  gate 
vibrations.  Although  a  gate  leaf  may  vibrate  in  any  of  several  freedoms 
of  motion  including  flexure,  the  vertical  vibration  of  a  gate  on  an 
elastic  suspension  is  usually  of  most  importance.  Hydraulic  Design 
Charts  060-1  to  O6O-I/5  are  aids  for  estimating  the  vibration  character¬ 
istics  of  elastically  suspended  gates. 

2.  Resonance.  When  the  forcing  frequency  is  exactly  equal  to  the 
natural  frequency  a  condition  of  "dead"  resonance  exists.  The  displace¬ 
ment  amplitude  for  the  vibrating  system  increases  very  rapidly  for  this 
condition  of  resonance  and  may  result  in  rupture.  The  amplitude  can 
also  be  increased  rapidly  if  there  is  only  a  small  difference  between 
the  forcing  and  natural  frequencies.  The  transmissibility  ratio,  or  the 
magnification  factor,  is  defined  by  the  equation: 

T.R.  =  - - - 5— 

1  -  (fA> 

where  f  /f  is  the  ratio  of  the  forcing  frequency  to  natural  frequency. 
A  plot  and  coordinates  of  this  function  are  given  on  Hydraulic  Design 
Chart  060-1.  Although  the  transmissibility  ratio  is  negative  for  fre¬ 
quency  ratios  greater  than  one,  the  positive  image  of  this  part  of  the 
curve  is  often  utilized  for  simplicity  in  plotting.  The  part  of  the 
curve  between  transmissibil.'ty  ratios  of  unity  and  zero  is  sometimes 
called  the  isolation  range  with  the  percentage  of  isolation  as  desig¬ 
nated.  It  is  desirable  to  produce  a  design  with  a  high  percentage  of 
isolation. 

3.  Forcing  Frequencies.  Two  possible  sources  of  disturbing 
frequencies  are  the  vortex  trail  shed  from  the  bottom  edge  of  a  partly 
opened  gate  and  the  pressure  waves  that  travel  upstream  to  the  reservoir 
and  are  reflected  back  to  the  gate.  The  frequency  of  the  vortex  trail 
shed  from  a  flat  plate  can  be  defined  by  the  dimensionless  Strouhal 
number,  S^,  as  follows: 


where  Lp  is  the  plate  width,  f .  is  the  vortex  trail  shedding  frequency, 
and  V  is  the  velocity  of  the  fluid.  The  Strouhal  number  for  a  flat 


plate  is  approximately  1/7.  The  forcing  frequency  of  a  vortex  trail 
shed  from  a  gate  may  he  estimated  as: 


where  He  is  the  energy  head  at  the  bottom  of  the  gate,  and  Y  is  the 
projection  of  the  gate  into  the  conduit  or  half  of  the  plate  width  Lp. 
Hydraulic  Design  Chart  060-l/l  can  be  used  to  estimate  the  forcing  fre¬ 
quency  for  various  combinations  of  energy  head  and  gate  projection. 
Unpublished  observations  of  hydraulic  models  of  gates  have  indicated 
that  the  vortex  trail  will  spring  from  the  upstream  edge  of  a  flat- 
bottom  gate  causing  pressure  pulsations  on  the  bottom  of  the  gate.  The 
vortex  trail  springs  from  the  downstream  edge  of  a  standard  k$~ degree 
gate  lip,  eliminating  bottom  pulsations. 

4.  The  frequency  of  a  reflected  positive  pressure  wave  may  be 
determined  from  the  equation: 


where  C  is  the  velocity  of  the  pressure  wave  and  L  is  the  length  of 
the  conduit  upstream  from  the  gate.  Hydraulic  Design  Chart  060-1/2  is 
a  graphical  solution  of  this  equation.  The  pressure  wave  velocity  is 
dependent  upon  the  dimensions  and  elastic  characteristics  of  the  pipe  or 
of  the  lining  and  surrounding  rock  of  a  tunnel.  Data  are  given  by  ( 

Parmakian*  for  various  combinations  of  these  variables.  Chart  060-1/2 
gives  frequencies  for  pressure  wave  velocities  ranging  from  4700  fps  for 
a  relatively  inelastic  conduit  to  3000  fps  for  a  relatively  elastic  pipe. 

5.  Natural  Frequency.  The  natural  frequency  of  free  vertical 
oscillation  of  a  cable -suspended  gate  can  be  expressed  by  the  equation: 


where  E  is  the  modulus  of  elasticity  of  the  cable,  -t  is  the  length  of 
the  supporting  cable,  and  0  is  the  unit  stress  in  the  cable.  The  natu¬ 
ral  frequencies  for  various  support  lengths  and  typical  allowable  unit 
stresses  can  be  estimated  from  Hydraulic  Design  Chart  O6O-I/3. 

6.  Examples  of  Application.  Hydraulic  Design  Charts  060-l/4  and 
1/5  are  sample  computations  illustrating  application  of  Charts  060-1  to 
l/3  to  the  gate  vibration  problem.  Transmissibility  ratios  less  than 
1.0  are  desirable.  However,  ratios  slightly  greater  than  1.0  may  be 
satisfactory  if  the  vibration  forces  are  damped. 


*  John  Parmakian,  Waterhammer  Analysis,  1st  ed. (New  York,  Prentice -Hall, 
Inc.,  1955),  Chap.  3. 
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BASIC  EQUATION 

T.R.. - ! - , 

I  -  (ft /fn)' 

WHERE: 

T.R,  •  transmissibility  ratio 

fi  •  FORCING  FREQUENCY 
fn  •  NATURAL  FREQUENCY 
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RESONANCE  DIAGRAM 
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SUSPENDED  SYSTEM  IN  CYCLES 
PER  SEC 

9  •  ACCELERATION  OF  GRAVITY  • 

366  IN./SEC* 

E  •  MODULUS  OF  ELASTICITY  OF 
CABLE- 20  XI0‘PSI 
I  •  LENGTH  OF  CABLE  SUPPORT 
IN  FT 

w  ■  UNIT  STRESS  IN  CABLE  STEEL 
IN  PS) 


GATE  VIBRATION 

NATURAL  FREQUENCY 
OF  CABLE -SUSPENDED  GATE 

HYDRAULIC  DESIGN  CHART  060-1/3 
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WATERWAYS  EXPERIMENT  STATION 
COMPUTATION  SHEET 


JOB 


CW  804 


PROJECT 


John  Doe  Cam 


SUBJECT  Gote  Vibration 


COMPUTATION . 
COMPUTED  BY 


Vibration  From  Vortex  Trail 


RGC  DATE  4/16/57 


CHECKED  BY  RGC 


DATE  4/24/57 


GIVEN: 

Gate  •  flat  bottom 
Height  (D)  -  23  ft 
Projection  (Y)  into  conduit 
«  height  minus  gate  opening 
-  D  -  Go 

Length  of  cable  (ft)  -  130  ft 
Allowable  unit  cable  snecc  {c) 

«  8500  psi 

Total  head  at  gate  sill  »  100  ft 
DETERMINE: 

Natural  frequency  (f  )  for  gate: 

Length  of  cable '{li)-  130  ft 
Unit  cable  stress  (a)  «  8500  psi 
From  Chart  060-1/3  natural  frequency 
(fn)  -  3.8  cps 

Vortex  frail  frequency  and  resonance  characteristics  (f(/fn):- 
Energy  head  (H  )  to  bottom  of  gate  -  100  ft  -  G  . 


Gate 


Opening  Projection 
G  Y  -  D  -  Go 

3  20 
9  14 
15  8 
21  2 


97 

91 

85 

79 


Vortex  Trail 
Frequency 

f,  (Chart  060-  1/1) 

0.28 

0.39 

0.66 

2.54 


Resononce 

Characteristics 

w 

0.07 

0.10 

0.17 

0.67 


Plot  f{/fn  on  Chart  060-1: 

All  points  plot  above  zero  isolation  line.  Gate  sub|ect  to  vibration  at  all  openings.  Change  design  to 
45  degree  gate  lip. 


GATE  VIBRATION 

GATE  BOTTOM  VORTEX  TRAIL 
SAMPLE  COMPUTATION 

HYDRAULIC  DESIGN  CHART  060-1/4 


JOB  CW  804 


COMPUTATION  _ 
COMPUTED  BY 


WATERWAYS  EXPERIMENT  STATION 
COMPUTATION  SHEET 


PROJECT  John  Doe  Dorn 


SUBJECT  Gate  Vibration 


Vibration  From  Reflected  Pressure  Wave 


RGC  DATE  4/22/57 


CHECKED  BY  RGC 


DATE  4/25/57 


GIVEN: 

Conduit: 

Length  upstream  from 
gate  (L)  -  400  ft 

Gate: 

Length  of  supporting 
cable  (fl)-.  195  ft 

Assume  unit  stress  in 

supporting  cable  ( a )  -  8500  psi 


DETERMINE: 

Natural  frequency  (fn)  for  gate: 

Length  of  supporting  cable  (A)»  195  ft 
Unit  stress  in  supporting  cable  (a)  -  8500  psi 
From  Hydraulic  Design  Chart  060-1/3,  natural 
frequency  (fn)  -  3.2  cps 

Vibration  from  reflected  pressure  wave: 

Length  of  conduit  upstream  from  gate  (L)  »  400  ft 
Velocity  of  pressure  wave  (C)  -  4300  fps  (assumed  for 
concrete  conduit  through  rock) 

From  Hydraulic  Design  Chart  060-1/2,  forcing  frequency 
(f,)  -  2.7  cps 

Resonance  characteristics: 
f,/f„  -  2.7/3.2  -  0.84 
Plot  f,/fn  on  Hydraulic  Design  Chart  060-1 
Transmissibility  ratio  (T.R.)  »  3.4 
Isolation  <  0 

Gate  subject  to  vibration  from  reflected  pressure  wave 
if  undamped.  Damping  forces  not  evaluated. 


GATE  VIBRATION 

REFLECTED  PRESSURE  WAVE 
SAMPLE  COMPUTATION 

HYORAULIC  DESIGN  CHART  060-1/5 
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HYDRAULIC  DESIGN  CRITERIA 
SHEET  060-2 
FORCED  VIBRATIONS 
CONSTANT  FRICTION  DAMPING 


1.  A  procedure  for  estimating  the  vibration  charact eristics  of  free, 
elastically  suspended. gates  is  presented  in  HDC's  060-1  to  060-1/5.  Tests 
at  Fort  Randall  Dam^2'  indicated  that  at  large  gate  openings  the  flood- 
control  tunnel  gate  rollers  are  momentarily  forced  away  from  the  gate 
guides  by  pressure  pulsations  on  the  downstream,  face  of  the  gate.  Vertical 
gate  vibrations  of  about  4  cycles  per  sec  were  observed  during  this  inter¬ 
val.  These  vibrations  were  damped  when  the  gate  rollers  returned  to  the 
guides.  It  was  determined  that  the  damping  was  of  a  Coulomb  or  constant 
friction  damping  character. 

2.  HDC  060-2  presents  curves  showing  the  effects  of  constant  fric¬ 
tion  damping  on  forced  vibrations.  The  equation  and  curves  on  the  chart 
for  the  magnification  factor  were  developed  by  Den  HartogC1)  in  1931*  The 
equation  is  only  of  value  in  the  determination  of  the  magnification  factor 
above  the  dashed  line  on  the  chart.  Den  Hartog  also  successfully  evaluated 
single  points  below  the  dashed  line  and  constructed  the  curves  representing 
high  force  ratios.  More  recently  (i960)  an  analysis  of  the  damping  forces 
affecting  the  Fort  Randall  gates  has  been  made. (3) 

3.  Field  measurements  to  determine  the  causes,  magnitudes,  and 
frequencies  of  hydraulic  disturbances  causing  gate  vibration,  as  well  as 
measurements  of  the  resisting  friction  forces,  are  necessary  for  detail 
evaluation  of  the  vibration  characteristics  of  these  hydraulic  structures. 
HDC  060-2  is  included  as  a  supplement  to  HDC  060-1  to  illustrate  the  ef¬ 
fects  of  constant  friction  damping  in  the  gate  vibration  problem. 

4.  References. 


(1)  Den  Hartog,  J.  P.,  "Forced  vibration  with  combined  Coulomb  and  viscous 
friction. "  Transactions,  American  Society  of  Mechanical  Engineers, 
Paper  APM  53-9,  presented  at  National  Applied  Mechanics  Meeting,  Pur- 
due  University  (June  1931)* 

(2)  U.  S.  Army  Engineer  Waterways  Experiment  Station,  CE,  Vibration  and 
Pressure-Cell  Tests,  Flood-Control  Intake  Gates,  Fort  Randall  Dam, 
Missouri  River,  South  Dakota.  Technical  Report  No.  2~4'35>  Vicksburg, 
Miss.,  June  1956. 

(3)  _ ,  Vibration  Problems  in  Hydraulic  Structures,  by  F.  B. 

Campbell.  Miscellaneous  Paper  No.  2-4l4,  Vicksburg,  Miss.,  December 
i960.  Also  in  Proceedings,  American  Society  of  Civil  Engineers,  vol 
87  (Journal,  Hydraulics  Division,  No.  HY2)  (March  1961). 
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HYDRAULIC  DESIGN  CRITERIA 


SHEETS  111-1  TO  lll-2/l 
OVERFLOW  SPILLWAY  CREST 


1.  Previous  Crest  Shapes.  Some  early  crest  shapes  were  based  on  a 
simple  parabola  designed  to  fit  the  trajectory  of  the  falling  nappe. 

Bazin’s  experiments  of  the  19th  century  were  the  basis  of  many  early  de¬ 
signs.  The  Bureau  of  Reclamation  conducted  extensive  experiments  on  the 
shape  of  the  nappe  over  a  sharp-crested  weir.l  Numerous  crests  have  been 
designed  using  the  coordinates  of  the  lower  surface  of  the  nappe  for  the 
shape  of  the  crest,  without  resort  to  an  equation.  The  Huntington  District 
has  used  an  equation  involving  the  1.82  power  of  X  and  the  Nashville  Dis¬ 
trict  has  used  the  1.88  power  of  X  . 

2.  Standard  Shape,  Downstream  Quadrant.  A  comparison  of  the  Bureau 
of  Reclamation  data  with  those  of  other  experimenters  was  made  by  the  Of¬ 
fice,  Chief  of  Engineers.  On  the  basis  of  this  study,  Circular  Letter 
No.  3281  was  issued  on  2  September  1944 ,  suggesting  the  use  of  the  I.85 
power  of  X  .  This  equation  is  given  in  Hydraulic  Design  Charts  111-1 
and  111-2  and  was  adopted  to  define  the  downstream  quadrant  shape. 

3.  Point  of  Tangency.  The  slope  function  graph  of  the  tangent  to 
the  downstream  quadrant  is  shown  in  Chart  113-1  to  facilitate  the  location 
of  the  point  of  tangency.  Although  it  is  realized  that  the  tangent  point 
will  often  be  determined  analytically  for  the  final  design,  this  graph 
should  be  of  value  in  the  preliminary  layouts  in  connection  with  stability 
analyses  and  cost  estimates.  In  view  of  the  fact  that  tables  of  the  I.85 
and  O.85  powers  are  not  available,  the  table  in  Chart  111-2  is  issued  to 
assist  the  engineer  in  computing  the  coordinates  of  the  downstream  quadrant. 

4.  Standard  Shape,  Upstream  Quadrant.  The  upstream  quadrant  shape 
of  circular  arcs  originally  defined  in  Chart  111-1,  dated  4-1-92,  resulted 
in  a  surface  discontinuity  at  the  vertical  spillway  face.  A  third,  short- 
radius  arc  (R  =  0.04h^)  recently  incorporated  in  this  design  has  been 
model  tested^  and  found  to  result  in  improved  pressure  conditions  and 
discharge  coefficients  for  heads  exceeding  the  design  head.  Chart  lll-2/l 
(revised  9-70 )  presents  this  new,  recommended  upstream  crest  quadrant 
design.  A  table  of  coordinates  in  terms  of  x/H^  and  Y/H^  is  included 
for  design  convenience. 

5.  References . 


(1)  U.  S.  Bureau  of  Reclamation,  Part  VI  -  Hydraulic  Investigations; 

Bulletin  3 5  Studies  of  Crests  for  Overfall  Dams.  Boulder  Canyon 
Project  Final  Reports,  Denver,  Colo.,  1948.  ' 

(2)  U.  S.  Army  Engineer  Waterways  Experiment  Station,  CE,  Investigations 
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SLOPE  FUNCTION 


NOTE»  DOWNSTREAM  OUADRANT^SRAPE  BASED 
ON  OCE  CIRC  LTR  NO  3281,  9-2-44, 
'SHAPE  OF  SPILLWAY  CRESTS" 

Hd=  DESIGN  HEAD  BASED  ON  LOWER 
SURFACE  OF  NAPPE  FROM  SHARP- 
CRESTED  WEIR 


ORIGIN  OF  COORDINATES. 


DOWNSTREAM  QUADRANT 

yx',S=2  0H°a5Y 

(SEE  CHART  III -2) 


''UPSTREAM  QUAORANT 
(SEE  CHART  lll-2/l) 
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X/H,  AND  tyu 


NOTE  COORDINATES  OF  TANGENT  POINT 
FOR  PRELIMINARY  LAYOUTS  AND 
ESTIMATES. 


OVERFLOW  SPILLWAY  CREST 
TANGENT  ORDINATES 

HYDRAULIC  DESIGN  CHART  III -I 


X1.8S 

X 

X1.8S 

Hd 

0.0141 

6 

27.515 

1 

.0299 

7 

36.596 

2 

.0509 

8 

46.851 

3 

.0769 

9 

58.257 

4 

.1078 

10 

70.795 

5 

.1434 

12 

99.194 

6 

.1836 

14 

131.928 

7 

.2283 

16 

168.897 

8 

.2774 

18 

210.017 

9 

.3887 

20 

255.215 

10 

.5169 

25 

385.646 

11 

.6618 

30 

540.349 

12 

.8229 

35 

718.664 

13 

1.000 

40 

920.049 

14 

1.401 

45 

1144.045 

15 

1.864 

50 

1390.255 

16 

2.386 

55 

1658.330 

17 

2.967 

60 

1947.959 

IB 

3.605 

65 

2258.863 

19 

5.447 

70 

2590.785 

20 

7.633 

75 

2943.496 

21 

10.151 

80 

3316.779 

22 

12.996 

90 

4124.285 

23 

16.160 

100 

5011.872 

24 

19.638 

25 

Hd 

2HJ0*85 

Hd 

2Hd°” 

2.000 

26 

31.896 

51 

56.554 

3.605 

27 

32.937 

52 

57.495 

5.088 

28 

33.971 

53 

58.434 

6.498 

29 

35.000 

54 

59.370 

7.855 

30 

36.024 

55 

60.303 

9.172 

31 

37.041 

56 

61.234 

10.460 

32 

38.054 

57 

62.162 

11.713 

33 

39.063 

58 

63.088 

12.946 

34 

40.066 

59 

64.011 

14.159 

35 

41.067 

60 

64.932 

15.354 

36 

42.062 

61 

65.851 

16.532 

37 

43.053 

62 

66.767 

17.696 

38 

44.040 

63 

67.681 

18.847 

39 

45.023 

64 

68.594 

19.985 

40 

46.002 

65 

69.503 

21.112 

41 

46.978 

66 

70.411 

22.229 

42 

47.950 

67 

71.317 

23.335 

43 

48.919 

68 

72.221 

24.433 

44 

49.884 

69 

73.123 

25.521 

45 

50.846 

70 

74.022 

26.602 

46 

51.807 

71 

74.920 

27.674 

47 

52.761 

72 

75.816 

28.741 

48 

53.714 

73 

76.710 

29.799 

49 

54.663 

74 

77.603 

30.852 

50 

55.610 

75 

78.493 

OVERFLOW  SPILLWAY  CREST  EQUATIONS 


xi.«  =  2H<jo.«y  y  =  JL 


WHERE  Hj  =  DESIGN  HEAD 


NOTE:  SEE  CHART  111-2/1  FOR  UPSTREAM 
QUAORANT  COORDINATES. 


OVERFLOW  SPILLWAY  CREST 
DOWNSTREAM  QUADRANT 
TABLE  OF  FUNCTIONS 

HYDRAULIC  0E5ICN  CHART  III- 2 
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COORDINATES  FOR  UPSTREAM  QUADRANT 


X 

Hd 

Y 

Hd 

X 

Hd 

-0,0000 

0.0000 

-0.2200 

0.0553 

-0,0500 

0.0025 

-0.2400 

0.0714 

-o.tooo 

0.0101 

-0.2600 

0.0926 

-0.1500 

0.0230 

-0.2760 

0.1  153 

-0.1750 

0.0316 

-0.2780 

0.1  190 

-0.2000 

0,04  3  0 

-0.2800 

-0.2818 

0.1241 

0.1360 

NOTE:  Hd  =  DESIGN  HEAD  BASED  ON 

LOWER  SURFACE  OF  NAPPE 
FROM  SHARP-CRESTED  WEIR 
WITH  NEGLIGIBLE  VELOCITY 
OF  APPROACH  AND  CREST  AT 
X  =  -0.28 1 8Hj  ,  Y  -  0.1259Hd  . 


OVERFLOW  SPILLWAY  CREST 
UPSTREAM  QUADRANT 

HYDRAULIC  Of  SIGN  CHART  III-2/I 
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HYDRAULIC  DESIGN  CRITERIA 


SHEET  111-3 
SPILLWAY  CREST 
DISCHARGE  COEFFICIENT 
HT  JH  OVERFLOW  DAMS 


1.  General.  Discharge  over  an  uncontrolled  spillway  crest  is  com¬ 
puted  using  the  equation 

Q  =  CLH^/2 

where 

Q,  =  total  discharge,  cfs 

C  =  discharge  coefficient  (Hydraulic  Design  Chart  111-3) 

L  =  effective  crest  length,  ft  (Hydraulic  Design  Sheet  lll-3/l) 

H  =  energy  head  on  crest,  ft 

2.  Design  Criteria.  Early  studies  of  the  discharge  coefficient  C 
used  the  relation  of  C  to  the  ratio  He/lld  ♦  These  studies  indicated 
that  C  ranged  from  3-90  to  4.10  at  design  head  and  decreased  to  3*10  at 
zero  head.  An  approximation  of  the  upper  value  can  he  derived  by  transfer¬ 
ring  the  sharp-crested  weir  coefficient  to  a  rounded  weir  crest  that  fits 
the  lower  nappe.  The  head  on  the  rounded  crest  is  known  to  be  0.888  times 
the  head  on  the  sharp  crest.  Using  a  discharge  coefficient  of  3.33  for  a 
sharp-crested  weir  and  assuming  the  velocity  of  the  approach  flow  to  be 
negligible,  the  coefficient  for  design  head  is  derived  as  3 * 93 •  The  lower 
limit  of  C  =  3.10  closely  approximates  the  theoretical  broad-crested  weir 
coefficient  of  3.087.  The  theory,  which  is  based  on  critical  depth  in  rec¬ 
tangular  channels,  is  given  by  King.-*-  Friction  can  be  expected  to  reduce 
the  coefficient  at  low  heads.  New,  smooth  concrete  crests  should  have  a 
high  coefficient  at  low  heads  compared  to  crests  that  have  been  roughened 
by  weathering  or  other  causes. 

3.  Test  Data.  The  curve  in  Chart  111-3  is  based  primarily  on  data 
obtained  from  model  tests  conducted  under  Corps  of  Engineers  Engineering 
Studies  Item  801,  General  Spillway  Investigation,  at  the  U.  S.  Army  En¬ 
gineer  Waterways  Experiment  Station  (WES).  Only  those  tests  in  which  a 
deep  approach  channel  and  negligible  velocity  of  approach  existed  were  used 
in  developing  the  curve.  The  plotted  points  from  ES  801  are  the  basis  for 
the  curve  above  the  Hg/H^  ratio  of  0.4.  Prototype  test  results  are 
plotted  for  the  low  head  range,  and  that  portion  of  the  curve  is  based  on 

111-3 
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the  field  tests  indicated  in  the  legend.  More  prototype  observations  are 
needed  for  the  newer  design  shapes  that  approximate  the  spillway  crest  de¬ 
fined  in  Hydraulic  Design  Criteria  111-1  and  lli-2/l. 


4.  The  open-circle  data  points  are  from  tests  on  the  originally  pub¬ 
lished  crest  shape  (Charts  111-1  and  111-2,  dated  4-1-52).  The  open- 
triangle  points  are  from  recent  laboratory  tests^  in  which  a  third  short- 
radius  curve  (R  =  0.04^  ,  Chart  lll-2/l)  was  added  to  the  upstream  quad¬ 
rant  shape  to  eliminate  the  surface  discontinuity  in  the  original  design 
where  the  curve  intersected  the  vertical  face  of  the  spillway. 

5.  References. 

(1)  King,  H.  W.,  Handbook  of  Hydraulics;  For  the  Solution  of  Hydraulic 
Problems ,  3d  edL  (l939),  PP  379-380  and  4th  ed.  (1954,  revised  by 
E.  F.  Brater),  pp  8-8  and  8-9,  McGraw-Hill,  New  York. 

(2)  U.  S.  Army  Engineer  Waterways  Experiment  Station,  CE,  Investigations 
of  Various  Shapes  of  the  Upstream  Quadrant  of  the  Crest  of  a  High 
Spillway;  Hydraulic  Laboratory  Investigation,  by  E.  S.  Melsheimer  and 
T.  E.  Murphy.  Research  Report  H-70-1,  Vicksburg,  Miss.,  January  1970. 
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3.2  3.4 


NOTE:  H, -ENERGY  HEAD  ON  CREST,  F  . 
Hj-DESIGN  HEAD  ON  CREST,  FT 
C  -DISCHARGE  COEFFICIENT 
Q  -DISCHARGE,  CFS 
L  -NET  LENGTH  OF  CREST,  FT 


SPILLWAY  CREST 
DISCHARGE  COEFFICIENT 

HIGH  OVERFLOW  DAMS 

HYDRAULIC  DESIGN  CHART  I II -3 
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HYDRAULIC  DESIGN  CRITERIA 
SHEET  111-3/1 

OVERFLOW  SPILLWAY  CREST  WITH  ADJACENT  CONCRETE  SECTIONS 
ABUTMENT  CONTRACTION  COEFFICIENT 


1.  The  effective  length  L  of  a  spillway  crest  used  in 
uncontrolled-spillway  discharge  computations  is  expressed  by  the  equation: 

L  =  L'  -  2  (NK  +  K  )  H 
x  p  a.  e 

where 

L'  =  net  length  of  crest,  ft 

N  =  number  of  piers 

K  =  pier  contraction  coefficient 
P 

K  =  abutment  contraction  coefficient 
a 

Hg  =  energy  head  on  crest,  ft 

2.  HDC  lll-3/l  presents  a  suggested  abutment  contraction  coefficient 
design  curve  for  high  overflow  spillways  with  adjacent  concrete  sections. 
Discharge  and  pier  contraction  coefficients  from  appropriate  HDC  charts 
were  used  with  model  discharge  data  to  compute  the  plotted  abutment  con¬ 
traction  coefficients.  These  abutment  contraction  coefficients  include 
the  weir  end  contraction  and  the  effect  of  approach  flow  angularity,  if 
any,  on  all  elements  of  the  spillway.  The  coefficient  Ka  is  plotted  in 
terms  of  the  ratio  of  the  energy  head  on  the  spillway  He  to  the  abut¬ 
ment  radius  R  .  Pertinent  information  concerning  each  project  is  tabu¬ 
lated  in  HDC  Hl-3/1.  An  abutment  contraction  coefficient  of  0.1  is  sug¬ 
gested  for  design  purposes  for  spillways  with  adjacent  concrete  nonoverflow 
sections  when  the  approach  flow  is  normal  to  the  spillway  crest.  Higher 
coefficients  should  be  assumed  for  projects  involving  extreme  angularity 

of  approach  flow.  It  is  also  suggested  that  the  maximum  design  head- 
abutment  radius  ratio  be  limited  to  5.0. 

3*  References . 

(1)  U.  S.  Army  Engineer  Waterways  Experiment  Station,  CE,  Model  Studies  of 
Spillway  and  Bucket  for  Center  Hill  Dam,  Caney  Fork  River,  Tennessee. 
Technical  Memorandum  No.  202-1,  Vicksburg ,  Miss . ,  August  1946 . 

(2)  _ ,  Spillway  for  Phllpott  Dam,  Smith  River,  Virginia;  Model 

Investigation.  Technical  Memorandum  No.  2-321,  Vicksburg,  Miss., 
December  1950. 

• 

(3)  _ ,  Spillway  and  Conduits  for  Pine  Flat  Dam,  Kings  River, 
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California;  Hydraulic  Model  Investigation.  Technical  Memorandum 
No.  2-375,  Vicksburg,  Miss.,  December  1953 • 

(4)  U.  S.  Army  Engineer  Waterways  Experiment  Station,  CE,  Folsom  Dam 
Spillway,  Uncontrolled.  (Unpublished  data.) 

(5)  _ ,  General  Spillway  Tests  (ES  801).  (Unpublished  data.) 
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BASIC  EQUATION 


Q*c[L,-2(NKp+K4)He]He3/2 

WHERE: 

Q  •  DISCHARGE ,  CFS. 

C  -DISCHARGE  COEFFICIENT. 

L'  -NET  LENGTH  OF  CREST,  FT. 

N  -NUMBER  OF  PIERS. 

Kp-PIER  CONTRACTION  COEFFICIENT. 

Kd- ABUTMENT  CONTRACTION  COEFFICIENT. 
He -TOTAL  HEAD  ON  CREST,  FT. 


USSEtiP- 


SYMBOL 

PROJECT 

R 

W/L 

W/H 

0 

cw  aoi 

4 

1  S5 

0  96 

• 

FOLSOM 

8 

2.10 

3  77 

□ 

PHILPOTT 

5 

2.67 

1  42 

■ 

PINE  FLAT* 

4 

2.12 

1  77 

A 

CENTER  HILL* 

5 

3  83 

9  45 

#GATED  SPILLWAY  WITH  PIERS 


NOTE  R -RADIUS  OF  ABUTMENT,  FT 

W-WIDTH  OF  APPROACH  REPRODUCED  IN 
MODEL,  FT. 

L  -GROSS  WIDTH  OF  SPILLWAY,  FT. 

H  -DEPTH  OF  APPROACH  IN  MODEL  ,  FT. 


OVERFLOW  SPILLWAY  CREST  WITH 
ADJACENT  CONCRETE  SECTIONS 

ABUTMENT  CONTRACTION  COEFFICIENT 

HYDRAULIC  DESIGN  CHART  III- 3/1 

WES  8-60 


HYDRAULIC  DESIGN  CRITERIA 
SHEET  111-3/2 

OVERFLOW  SPILLWAY  CREST  WITH  ADJACENT  EMBANKMENT  SECTIONS 
ABUTMENT  CONTRACTION  COEFFICIENT 


•-> 

W 


1.  The  effective  length  of  a  spillway  crest  used  in  uncontrolled¬ 
spillway  discharge  computations  is  expressed  by  the  equation  given  in 
HDC  Sheet  lll-3/l. 

2.  HDC  Hl-3/2  presents  a  suggested  abutment  contraction  coefficient 
design  curve  for  spillways  with  adjacent  earth  embankment  sections.  Dis¬ 
charge  and  pier  contraction  coefficients  from  appropriate  HDC  charts  were 
used  with  model  discharge  data  to  compute  the  plotted  abutment  contraction 
coefficients.  These  abutment  contraction  coefficients  include  the  con¬ 
tractive  effects  of  the  upstream  rounding  of  the  embankments,  the  weir  end 
contraction,  and  the  effects  of  approach  flow  angularity  on  all  elements 

of  the  spillway.  The  coefficient  Ka  is  plotted  in  terms  of  the  ratio  of 
the  energy  head  on  the  spillway  to  the  spillway  design  head.  This  param¬ 
eter  is  believed  to  be  more  representative  of  the  composite  abutment  con¬ 
traction  effects  than  the  energy  head-abutment  radius  ratio  used  on  the 
original  HDC  111-3/2  dated  August  i960.  Pertinent  information  concerning 
each  project  is  tabulated  in  the  chart. 

3-  An  abutment  contraction  coefficient  of  0.2  is  suggested  for  de¬ 
sign  purposes  for  spillways  with  adjacent  nonoverflow  earth  embankments. 
Higher  coefficients  should  be  assumed  for  projects  involving  extreme 
angularity  of  approach  flow.  An  abutment  contraction  coefficient  of  0.J4 
was  measured  during  the  model  study W  of  John  Redmond  Dam  spillway  for  a 
design  head  of  4l  ft  and  a  weir  height  of  o.O  ft. 

4.  References. 


(1)  U.  S.  Army  Engineer  District,  Portland,  CE,  Spillway  for  Dorena  Dam, 
Row  River,  Oregon;  Hydraulic  Model  Investigation.  Bonneville 
Hydraulic  Laboratory  Report  No.  27-1,  Bonneville,  Oreg.,  May  1953* 

(2)  U.  S.  Army  Engineer  Waterways  Experiment  Station,  CE,  Walter  F.  George 
Lock  and  Dam,  Chattahoochee  River,  Alabama  and  Georgia;  Hydraulic 
Model  Investigation.  Technical  Report  No.  2-519>  Vicksburg,  Miss., 
August  1959* 

(3)  _ ,  Carlyle  Dam,  Kaskaskia  River,  Illinois;  Hydraulic  Model 

InvestigationT  Technical  Report  No.  2-568,  Vicksburg,  Miss., 

June  1961. 

(4)  _ ,  Spillway  for  John  Redmond  Dam,  Grand  (Neosho)  River, 

Kansas;  Hydraulic  Model  InvestigationT  Technical  Report  No.  2-6ll, 
Vicksburg,  Miss.,  November  1962. 

(5)  ,  Red  Rock  Dam  Model  Tests.  (Unpublished  data.) 
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BASIC  EQUATION 

Q  *  C  [L1  -  2  (NKP  +  K^HjH,3'* 

WHERE: 

Q  -DISCHARGE,  CFS 

C  -DISCHARGE  COEFFICIENT 

L'  -NET  LENGTH  OF  CREST,  FT 

N  -NUMBER  OF  PIERS 

Kp-PIER  CONTRACTION  COEFFICIENT 

Ka-  ABUTMENT  CONTRACTION  COEFFICIENT 

H#« ENERGY  HEAD  ON  CREST,  FT 


LEGEND 


SYMBOL 

PROJECT 

R 

W/L 

W/H 

Cl 

DORENA 

2 

S  60 

10  7 

■ 

dorena 

4 

S  60 

107 

0 

RED  ROCK* 

7.6 

3  42 

16  5 

• 

CARLYLE  * 

9 

6  44 

75.5 

A 

WALTER  F.  GEORGE  * 

4 

5  44 

55.3 

*CATED  spillway  with  piers 

NOTE’  R  -RADIUS  OF  ABUTMENT,  FT 

W  -WIDTH  OF  APPROACH  REPRODUCED  IN 
MODEL,  FT 

L  -GROSS  WIDTH  Oh  SPILLWAY,  FT 
H  -DEPTH  OF  APPROACH  IN  MODEL,  FT 
H/ DESIGN  HEAD  ON  CREST,  FT 


OVERFLOW  SPILLWAY  CREST  WITH 
ADJACENT  EMBANKMENT  SECTIONS 

ABUTMENT  CONTRACTION  COEFFICIENT 
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HYORAULIC  DESIGN  CHART  III- 3/2 


WES  8-60 


HYDRAULIC  DESIGN  CRITERIA 
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SHEET  111-3/3 
OVERFLOW  SPILLWAYS 
STAGE -DISCHARGE  RELATION 
UNCONTROLLED  FLOW 


1.  Purpose.  Hydraulic  Design  Chart  111-3/3  provides  a  method  for 
developing  an  uncontrolled  spillway  flow  rating  curve  when  the  spillway 
discharge  and  head  for  any  unsubmerged,  uncontrolled  flow  are  known  or 
can  be  computed.  It  also  provides  a  means  of  optimizing  spillway  design 
through  extensive  use  of  the  sharp-crested  weir  data  published  by  the 
USBR.1  Its  use  is  limited  to  unsubmdrged  flow  conditions. 

2.  Theory.  When  flow  over  a  spillway  is  controlled  only  by  the 
head  on  the  spillway,  the  relation  between  the  head  and  discharge  can  be 
expressed  by  the  following  equation: 


f 


Q  =  CLHg 


3/2 


(1) 


where 

Q  =  spillway  discharge,  cfs 

C  =  total  flow  coefficient  combining  the  approach  channel  and 
crest  shape,  abutment,  and  pier  effects 

L  =  net  spillway  length,  ft 

Hg  =  energy  head  on  the  spillway,  ft 


3.  A  comparable  equation  for  the  spillway  design  flow  is 


%  =  CdLHd 


3/2 


(2) 


where  the  subscript  d  refers  to  the  spillway  design  flow, 
equation  1  by  equation  2  results  in  the  equation 


" - - 


Division  of 


(3) 


111-3/3 
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where  u  =  —  .  Model  data  for  ten  widely  varying  spillway  designs  have 
a 

been  analyzed  in  accordance  with  the  parameters  of  equation  3.  The  re¬ 


sults  are  shown  in  Chart  111-3/3. 
project  are  tabulated  below. 


Ref  Upstream 


Project 

No. 

Face  Slope 

Proctor* 

2 

3V  on  2H 

Pine  Flat 

3 

Vertical 

Gavins  Point 

4 

3V  on  2H 

Two-Dimensional 

5 

Vertical 

Oakley 

6 

3V  on  3H 

Hugo 

7 

Vertical 

Fort  Randall 

8 

Vertical 

John  Redmond 

9 

Vertical 

Kaysinger 

Bluff*  * 

10 

IV  on  0.5H 

Clarence 

Cannon t 

11 

Vertical 

The  spillway  design  features  for  each 


„  Approach 

Ts _ J_Y. 


Abutment 

Condition 

of 

Bays 

Depth 

<YP) 

Downstream 
Quad  Shape 

None 

2 

2.00 

X1-81 

Concrete 

6 

0.11 

x1.85 

Earth 

14 

1.64 

X1-78 

None 

— 

0.3-0. 4 

x3.85 

Earth 

4 

2.2 

x1-71*7 

Earth 

6 

4.3 

x1.85 

Earth 

21 

1.7 

x1*85 

Earth 

14 

OJ 

CO 

x!.776 

Earth  and 

4 

0.74 

,.1.825 

A 

concrete 

Concrete 

4 

o.4o 

X1-85 

*  Section  model  (l  full  and  2  half  bays). 

**  Includes  effects  of  90-deg  approach  channel  bend, 
t  Includes  effects  of  adjacent  outlet  works  and  water  quality  weir. 

4.  The  plotted  points  on  Chart  111-3/3  can  be  expressed  by  the 
general  equation: 


(4) 


For  Q/Qd.  =  1.0  and  He/Hd  =  1.0  ,  the  value  of  u  is  1.0  and  the 
value  of  n  has  been  graphically  determined  to  be  1.60.  Therefore, 
the  equation  fitting  all  the  data  within  experimental  accuracy  limits  is 


/H  V60 


(5) 


5.  Application. 


a.  Design.  The  spillway  design  flow  is  computed  using 


111-3/3 


appropriate  coefficients  and  equations  given  in  Charts  111-3  to  111-3/2, 
111-5,  111-6,  122-1  to  122-2,  and  122-4  for  the  spillway  design  head  H<j  . 
Equation  5  is  then  solved  for  the  desired  ratios  of  He/Hd  using  the 
computed  Qa  value.  In  a  graphical  solution,  values  of  Q/Qa  are  read 
from  the  chart  for  the  selected  values  of  He/Ha  .  These  discharge 
ratios  are  then  multiplied  by  Qa  to  obtain  the  required  Q  values. 

b.  Operation.  The  theoretical  or  model  rating  curve  of  a  spill¬ 
way  can  be  checked  for  the  full  range  of  spillway  heads  provided  one  ac¬ 
curate  prototype  discharge  and  corresponding  spillway  head  measurement 
are  available.  Equation  5  is  solved  for  the  design  discharge  Qa  using 
the  measured  discharge  Q  ,  and  the  ratio  of  the  measured  head  H  to  the 
design  Ha  .  The  derived  value  of  Qa  is  then  used  in  equation  5  with 
selected  values  of  H/Ka  to  obtain  the  required  discharge  quantities. 

If  preferred,  a  graphical  solution  similar  to  that  described  in  5a  above 
can  be  used. 

6.  References. 

(1)  U.  S.  Bureau  of  Reclamation,  Studies  of  Crests  for  Overfall  Dams; 
Hydraulic  Investigations.  Bulletin  3,  Part  VI,  Boulder  Canyon 
Project  Final  Reports,  Denver,  Colo.,  1948. 

(2)  U.  S.  Army  Engineer  Waterways  Experiment  Station,  CE,  Spillway  for 
Proctor  Dam,  Leon  River,  Texas;  Hydraulic  Model  Investigation. 
Technical  Report  No.  2-645,  Vicksburg,  Miss.,  March  1964. 

(3)  _ ,  Spillway  and  Conduits  for  Pine  Flat  Dam,  Kings  River, 

California;  Hydraulic  Model  Investigation.  Technical  Memorandum 
Wo.  2-375,  Vicksburg,  Miss.,  December  1953. 

(4)  _ ,  Spillway  for  Gavins  Point  Dam,  Missouri  River,  Nebraska; 

Hydraulic  Model  Investigation.  Technical  Memorandum  No.  2-404, 
Vicksburg,  Miss.,  May  1955. 

(5)  _ ,  Investigation  of  Various  Shapes  of  the  Upstream  Quad¬ 

rant  of  the  Crest  of  a  High  Spillway;  Hydraulic  Laboratory  Inves¬ 
tigation,  by  E.  S.  Melsheimer  and  T.  E.  Murphy.  Research  Report 
H-70-1,  Vicksburg,  Miss.,  January  1970. 

(6)  _ ,  Spillway  for  Oakley  Dam,  Sangamon  River,  Illinois;  Hy¬ 

draulic  Model  Investigation,  by  E.  S.  Melsheimer,  Technical  Report 
H-70-13,  Vicksburg,  Miss.,  November  1970. 

(7)  _ ,  Spillway  for  Hugo  Dam,  Kiamichi  River,  Oklahoma;  Hy¬ 

draulic  Model  Investigation,  by  B.  P.  Fletcher  and  J.  L.  Grace,  Jr., 
Technical  Report  H-69-15,  Vicksburg,  Miss.,  November  1969. 


_ ,  Spillway  and  Outlet  Works,  Fort  Randall  Dam,  Missouri 

River,  South  Dakota;  Hydraulic  Model  Investigation.  Technical 
Report  No.  2-528,  Vicksburg,  Miss.,  October  1959- 
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.  *  *  *  WHERE • 

•  *  Q  »  DISCHARGE,  CFS 

11  Qd  *  DISCHARGE  AT  SPILLWAY 
.  .  DESIGN  HEAD,  CFS 

He-  ENERGY  HEAD  ON  SPILLWAY,  FT 
Hd-  SPILLWAY  DESIGN  HEAD,  FT 
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LEGEND 

0  OAKLEY 
A  JOHN  REDMOND 
7  PINE  FLAT 
X  GAVINS  POINT 
-O-  PROCTOR 
O  HUGO 

•  FORT  RANDALL 

•  KAYSINGER  BLUFF 

A  CLARENC,  CANNON 
▼  TWO  DIMENSIONAL 
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STAGE  -  DISCHARGE  RELATION 
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HYDRAULIC  DESIGN  CRITERIA 


SHEET  111-4 

SUBMERGED  CREST  COEFFICIENTS 
OVERFLOW  DAMS 


1.  Background.  A  number  of  important  experiments  on  submerged, 
sharp- crested  weirs  were  made  in  the  nineteenth  century.  The  submerged 
weir  coefficients  based  on  Herschel's  analysis  and  republished  in  King's 
Handbook  of  Hydraulics  have  been  widely  used.  Coefficients  for  the  more 
modern  shapes  of  submerged,  round-crested  weirs  have  been  determined  by 
various  experimenters.  However,  the  results  have  not  been  widely  pub¬ 
licized  and  are  not  generally  available  to  the  design  engineer.  The 
experiments  of  Cox(-W  were  published,  and  the  extensive  test  program  of 
the  U.  S.  Bureau  of  Reclamation  was  reported  by  Bradley (^). 

2.  Bureau  of  Reclamation  Tests.  The  form  cf  plotting  of  the  vari¬ 
ables  used  on  Hydraulic  Design  Chart  111-4  was  devised  by  Bradley.  The 
family  of  curves  shows  various  reductions  in  per  cent  from  the  coeffi¬ 
cient  for  free  or  unsubmerged  flow  as  presented  on  Hydraulic  Design  Chart 
122-1.  The  general  pattern  of  the  curves  shows  that  for  low  ratios  of 
total  drop  from  upper  pool  to  apron  floor  divided  by  head  on  the  crest, 
(ha  +  d)/He  ,  the  flow  is  supercritical  and  the  decrease  in  coefficient 
is  principally  affected  by  this  ratio.  The  cross  section  B-B  in  the 
upper  right-hand  corner  of  the  graph  shows  the  variations  of  (ha  +  d)/He 
at  ha/He  of  0.78.  For  large  values  of  (ha  +  d)/He  the  decrease  in 
coefficient  is  principally  affected  by  the  ratio  ha/Re  .  For  values  of 
hd/He  less  than  0.10,  the  jet  is  on  the  surface  and  no  jump  occurs.  ‘The 
cross  section  A-A  shows  the  variations  of  ha/He  at  (ha  +  d)/he  of  5.0. 


G.  N.  Cox,  "The  Submerged  Weir  as  a  Measuring  Device,"  University  of 
Wisconsin,  Engineering  Experiment  Station,  Bulletin  No.  67,  1928. 

(2) 

J.  N.  Bradley,  "Studies  of  Flow  Characteristics,  Discharge  and  Pres¬ 
sures  Relative  to  Submerged  Dams,"  Hydraulic  Laboratory  Report  No. 
182,  Bureau  of  Reclamation,  1945 .  Also  "Studies  of  Crests  for  Over- 
fall  Dams,  Boulder  Canyon  Project,"  Final  Reports,  Part  VI,  Bulletin 
3,  Bureau  of  Reclamation,  1948. 


111-4 


3.  Current  Analysis.  The  experimental  observations  of  the  Bureau 
of  Reclamation  were  plotted  on  the  same  graph  with  those  of  other  experi¬ 
menters  (3).  The  combined  data  produced  201  experimental  observations. 

The  complete  plot  of  the  test  points  nearly  obliterates  the  coefficient 
reduction  curves  and  for  this  reason  was  omitted  from  the  chart.  The 
current  analysis  results  in  some  deviation  from  the  Bradley  curves  which 
were  omitted  from  the  chart  for  the  sake  of  clarity  and  utility. 

4.  Application.  The  curves  shown  on  Chart  111-4  were  based  on 
three  different  test  conditions  of  the  individual  experimenters  as 
follows:  the  approach  and  apron  floors  at  the  same  constant  elevation, 
both  floors  at  the  same  elevation  but  varied  with  respect  to  the  crest, 
and  the  approach  floor  elevation  held  constant  with  the  apron  elevation 
varied.  The  decrease  in  the  coefficient  was  based  on  the  unsubmerged 
coefficient  for  the  condition  tested.  The  general  agreement  of  the 
percentage  decreases  in  coefficients  from  the  five  independent  studies 
indicates  that  these  values  may  be  used  in  combination  with  Chart  122-1 
to  determine  coefficients  for  higher  velocities  of  approach. 


\ 


^3)  h.  J.  Koloseus,  "Discharge  Characteristics  of  Submerged  Spillways," 
Colorado  Agricultural  and  Mechanical  College  Thesis,  Dec.  1951* 

M.  Bar  Shany,  "Pressure  Distribution  on  Downstream  Face  of  a  Sub¬ 
merged  Weir,"  State  University  of  Iowa  Thesis,  June  1950. 

"Spillway  and  Lock  Approach,  Jim  Woodruff  Dam,  Apalachicola  River, 
Florida;  Model  Investigation,"  Waterways  Experiment  Station,  Techni¬ 
cal  Memorandum  No.  2-340,  Vicksburg,  Miss.,  May  1952. 

"Morgantown  Spillway,  Special  Tests,"  Waterways  Experiment  Station, 
Vicksburg,  Miss.,  1949.)  unpublished. 
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DECREASE  IN  COEFFICIENT  OF  DISCHARGE  IN 


HYDRAULIC  DESIGN  CRITERIA 


SHEETS  III- 5  AND  111-6 


GATED  OVERFLOW  SPILLWAYS 


PIER  CONTRACTION  COEFFICIENTS 


1.  General.  The  basic  equation  for  computing  flow  over  a  spillway 
crest  is  given  in  Hydraulic  Design  Criteria  (HDC)  Sheet  111-3.  The  crest 
length  L  to  be  used  in  the  equation  is  defined  in  paragraph  1  of  Sheet 
lll-3/l.  The  length  L  includes  both  abutment  and  pier  effects  which 
result  in  a  reduction  of  the  net  crest  length.  The  net  crest  length  is  the 
gross  spillway  width  less  the  combined  thicknesses  of  the  crest  piers. 

2.  Abutment  effects  are  described  in  Sheets  lll-3/l  and  111-3/2, 
and  design  criteria  are  given  in  Hydraulic  Design  Charts  lll-3/l  and 
Hl-3/2.  Design  criteria  for  the  effects  of  piers  are  given  in  HDC  111-5 > 
111-6,  and  122-2.  Both  abutment  and  pier  effects  increase  proportionally 
with  skewness  of  flow  and  with  velocity  of  approach.  In  such  cases,  in¬ 
creasing  the  contraction  coefficients  is  recommended. 

3.  When  spillways  are  operated  with  one  or  more  bays  closed,  the 
piers  adjacent  to  these  bays  produce  abutment- type  effects  and  result  in 
greater  flow  contractions  than  when  the  flow  is  evenly  divided  around  the 
piers.  HDC  lll-3/l  should  be  used  to  estimate  contraction  coefficients 
when  piers  function  essentially  as  abutments  because  of  closed  bays. 

4.  Previous  Criteria.  Many  gated  spillways  have  been  designed  ac¬ 
cording  to  Creager  and  justin^  who  recommended  a  coefficient  Kp  of 

0.1  for  thick,  blunt  piers  to  0.04  for  thin  or  pointed  piers.  The  research 
of  Escande  and  Sabathe-  indicated  that  the  coefficient  can  be  smaller  than 
0.04,  and  their  observations  were  verified  in  general  by  the  Center  Hill 
spillway  model  tested  at  the  U.  S.  Army  Engineer  Waterways  Experiment 
Station  (WES).  The  data  for  types  1,  2,  3?  and  4  piers  presented  in  the 
accompanying  charts  are  based  on  results  of  tests  conducted  in  1949  at  the 
WES  under  Corps  of  Engineers  Engineering  Studies  Item  801,  General  Spillway 
Investigation.  The  type  3A  pier  coefficient  curve  results  from  1969 

studies. 3 

5.  1949  Tests.  The  1949  tests  were  made  with  a  standard  spillway 
crest  shape  essentially  as  defined  in  Chart  lll-2/l,  but  without  thi  short 
radius  of  0.04  H^  .  A  model  design  head  of  0.75  ft  was  used.  The  spill¬ 
way  crest  shape  was  installed  in  a  glass  flume  having  parallel  sidewalls  to 
eliminate  the  effects  of  end  or  abutment  contraction.  The  piers  were 

0.2  ft  thick  and  the  clear  distance  between  piers  was  1.0  ft.  Thus  the 
prototype  design  head  would  be  30  ft,  the  pier  thickness  8  ft,  and  the 
clear  span  40  ft  if  a  l:40-scale  ratio  was  adopted.  Tests  for  other 
ratios  of  pier  thickness  to  gate  width  were  not  made.  Type  4  pier 


111-5  and  111-6 
Revised  9-70 


(Chart  111-5)  resulted  in  the  most  favorable  pier  contraction  coefficient 
curve.  However,  type  4  pier  and  type  1  pier  are  the  least  desirable  from 
the  standpoint  of  development  of  negative  pressures  and  are  not  recommended 
for  high  heads  unless  a  thorough  investigation  of  pressure  conditions  is 
made. 


6.  1969  Tests. 3  The  1969  tests  were  similar  to  the  1949  tests  ex¬ 
cept  the  upstream  quadrant  of  the  spillway  terminated  with  the  short  radius 
\E  =  0.04  H^)  shown  in  Chart  lll-2/l  to  eliminate  a  surface  discontinuity 
at  the  spillway  vertical  face.  A  design  head  of  1.0  ft  was  used.  Tests 
were  limited  to  type  3A  pier  shape. 

7.  Application.  Chart  111-5  gives  the  contraction  coefficients  for 
five  different  pier-nose  shapes  plotted  against  the  ratio  of  He/Hd  .  In 
each  case  the  pier  nose  was  at  the  plane  of  the  upstream  face  of  the  spill¬ 
way.  Types  2,  3 3  and  %  are  recommended  for  general  use  with  high  heads. 
Chart  111-6  represents  tests  on  pier  type  2  nose  shape  located  at  variable 
distances  upstream  from  the  crest.  Similar  data  are  not  available  for  the 
other  three  nose  shapes.  The  noses  of  pier  types  2A,  2B,  and  2C  were 
0-133  Hd  3  O.267  Hd  3  and  0.533  Hd  upstrecm  from  the  spillway  face,  re¬ 
spectively.  The  data  apply  to  the  condition  of  adjacent  gates  being  open. 

8.  References. 
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piers  of  overfall  weirs,  movable  dams  and  bridges."  Revue  General  de 
l'Hydraulique  (July-August  1936). 

(3)  U.  S.  Amy  Engineer  Waterways  Experiment  Station,  CE,  Investigations 
of  Various  Shapes  of  the  Upstream  Quadrant  of  the  Crest  of  a  High 
Spillway;  Hydraulic  Laboratory  Investigation,  by  E.  S.  Melsheimer  and 
T.  E.  Murphy.  Research  Report  H-70-1,  V  cksburg,  Miss.,  January  1970. 
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CREST  AXIS 


COEFFICIENT  OF  PIER  CONTRACTION- K  P  HYDRAULIC  DESIGN  CHART  III- 


HYDRAULIC  DESIGN  CRITERIA 


SHEETS  111-7  to  111-10 

OVERFLOW  SPILLWAY  CRESTS  WITH  SLOPING  UPSTREAM  FACES 


1.  HDC  111-7  to  111-10  supplement  HDC  111-1  and  111-2.  These 
charts  present  suggested  shapes  for  spillway  crests  with  sloping  upstream 
faces  and  negligible  velocity  of  approach  flows,  and  are  based  on  Bureau 
of  Reclamation  data.(l>2) 

2.  Crest  Shapes. 


a.  3-on-l  and  3-on-2  Upstream  Face  Slopes.  The  crest  shapes 
presented  in  HDC  111-7  and.  111-8  apply to  spillways  with 
upstream  faces  sloped  3  on  1  and  3  on  2,  respectively. 
Equations  for  the  downstream  face  of  the  spillway  result 

from  the  best  fit  of  the  general  equation  Xn  =  KH^  ^Y 

to  the  experimental  data  published  by  the  Bureau  of 
Reclamation  (USBR).(^-'  Because  the  derived  equations 
involve  powers  for  which  tables  are  not  available,  each 
chart  contains  tables  of  functions  necessary  for  solu¬ 
tion  of  the  equations.  The  shape  of  the  crest  upstream 
from  the  axis  results  from  fitting  circular  arcs  tG  the 
experimental  data. 

b.  3-QQ-3  Upstream  Face  Slope.  The  downstream  quadrant 
crest  shape  presented  in  HDC  111-9  applies  to  spillways 
with  3-on-3  upstream  face  slopes.  The  equation  for  the 
downstream  shape  is  based  on  curves  published  by  the 
USBR(2)  and  reproduced  in  HDC  122-3/l«  The  published 
curves  have  been  confirmed  by  an  independent  WES  study 
of  the  USER  data  for  weirs  sloping  45  degrees  downstream. 
Tables  of  functions  necessary  for  solution  of  the 
equation  are  included  in  HDC  111-9*  A  tabulation  of 

the  slope  of  the  downstream  crest  shape  is  given  to  aid 
in  locating  the  beginning  of  the  toe  curve  or  the 
sloping  tangent  face.  A  WES  study  to  determine  equa¬ 
tions  for  upstream  quadrant  shapes  of  spillways  having 
45-degree  sloping  upstream  faces  is  summarized  in 
paragraph  5  of  HDC  Sheets  122-3  to  122-3/5>  and  the 
general  results  are  presented  in  HDC  122-3/4.  The 
upstream  quadrant  coordinates  listed  below  are  based 
on  thif5  study  and  have  their  origins  at  the  apex  of 
the  s  illway.  The  X  and  Y  coordinates  are  considered 
positive  to  the  right  and  downward,  respectively. 
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Upstream  Quadrant  Coordinates 


X/Ha 

Y/Hd 

X/Ba 

Y/nd 

-0.000 

0.0000 

-0.150 

0.0239 

-0.020 

0.0004 

-0.155 

0.0257 

-0.040 

0.0016 

-0.160 

0.0275 

-0.060 

0.0036 

-0.165 

0.0293 

-0.080 

0.0065 

-0.170 

0.0313 

-0.100 

0.0103 

-0.175 

0.0333 

-0.110 

0.0125 

-0.180 

0.0354 

-0.120 

0.0150 

-0.185 

0.0376 

-0.130 

0.0177 

-0.190 

0.0399 

-o.i4o 

0.0207 

-0.195 

0.0424 

-0.145 

0.0223 

-0.200 

0.0450 

3*  Intermediate  Shapes.  HDC  111 -1C  shows  computed  values  of  n 

and  K  for  the  equation  Xn  =  for  the  vertical  and  sloping  weirs 

shown  in  HDC  111-1  and  111-7  to  111-9.  Values  of  n  and  K  which  apply 
to  intermediate  slopes  can  be  approximated  using  the  curves  shown  in 
HDC  111-10.  Upstream  quadra  it  data  for  intermediate  slopes  are  not 
presently  available.  However,  the  circular  arcs  given  in  HDC  111-7  and 
111-8  and  the  coordinates  given  in  the  above  tabulation  should  serve  for 
interpolating  the  approximate  shape  for  design  purposes. 

4.  The  crest  shapes  defined  in  HDC  111-7  to  111-10  have  not  been  ( 

studied  in  a  model  to  determine  pressure  and  discharge  coefficients. 

5>  Application.  The  shapes  shown  are  intended  for  use  with  overflow 
dams  with  negligible  velocity  of  approach  flows.  Model  tests  of  spillways 
with  vertical  faces  have  shown  that  pressures  and  discharge  coefficients 
are  approximately  the  same  for  approach  depth-design  head  ratios  P/Hd 
greater  than  1.  It  is  therefore  suggested  that  the  shapes  in  HDC  111-7 
to  111-9  *>e  used  in  this  range,  unless  in  a  particular  case  it  is  espe¬ 
cially  desired  to  keep  pressures  as  close  to  atmospheric  pressure  as 
possible.  In  the  latter  case,  the  USBR  data(l>2)  or  appropriate  charts 
in  the  HDC  122-3  series  should  be  used  to  develop  a  more  suitable  shape. 

For  P/H^  ratios  less  than  1,  it  is  necessary  to  use  the  USBR  data  or 
the  data  in  HDC  122-3/2  to  122-3/5  to  avoid  excessive  negative  pressures. 
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0.157  Hj 


-  ORIGIN  OP  COORDINATES 


■X,#J*»l.«36Hd0M#Y 


X 

X'»>» 

X 

X' 

1.936  x 
Hdo.n. 

«d 

1 .936  x 

Hd 

1.936  x 

.10 

.0146 

6 

26.834 

i 

1.936 

26 

29.500 

51 

51.812 

.15 

.0307 

7 

35.612 

2 

3.456 

27 

30.448 

52 

52.660 

.20 

.0521 

8 

45.507 

3 

4.851 

28 

31.386 

53 

53.506 

.25 

.0785 

9 

56.492 

4 

6.169 

29 

32.320 

54 

54.348 

.30 

.1097 

10 

68.549 

5 

7.434 

30 

33.249 

55 

55.188 

.35 

.1455 

12 

95.803 

6 

8.659 

31 

34.173 

56 

56.026 

.40 

.1859 

14 

127.143 

7 

9.849 

32 

35.092 

57 

56.861 

.45 

.2308 

16 

162.467 

8 

11.013 

33 

36.007 

58 

57.694 

.50 

.2801 

18 

201.688 

9 

12.152 

34 

36.917 

59 

58.525 

.80 

.3915 

20 

244.732 

10 

13.271 

35 

37.822 

60 

59.353 

.70 

.5195 

25 

368.653 

11 

14.372 

36 

38.724 

61 

60.178 

.80 

.6639 

30 

515.221 

12 

15.456 

37 

39.621 

62 

61.002 

.90 

.8241 

35 

683.768 

>3 

16.526 

38 

40.514 

63 

61.824 

1.00 

1.000 

40 

873.740 

14 

17.582 

39 

41.403 

64 

62.643 

1.20 

1.398 

45 

1084,673 

15 

18.626 

40 

42.289 

65 

63.460 

1.40 

1.855 

50 

1316. 161 

16 

19.659 

41 

43.171 

66 

64.275 

1.60 

2.370 

55 

1567.855 

17 

20.681 

42 

44.050 

67 

65.089 

1.80 

2.942 

60 

>839.441 

18 

21.693 

43 

44.925 

68 

65.899 

2.00 

3.570 

65 

2130.631 

19 

22.696 

44 

45.797 

69 

66.709 

2.50 

6.378 

70 

2441.180 

20 

23.690 

45 

46.665 

70 

67.516 

3.00 

7.517 

75 

2770.847 

21 

24.676 

46 

47.530 

71 

68.321 

3.50 

9.975 

80 

3119.415 

22 

25.655 

47 

48.393 

72 

69. 125 

4.00 

12.746 

90 

3872.480 

23 

26.626 

48 

49.252 

73 

69.927 

4.50 

15.823 

100 

4698.941 

24 

27.591 

49 

50. 108 

74 

70.727 

5.00 

19.200 

25 

28.548 

50 

50.962 

75 

71.525 

NOTE:  EQUATION  BASED  ON  OATA  FOR 

NEGLIGIBLE  VELOCITY  OF  APPROACH 
PUBLISHED  IN  BULLETIN  3,  BOULDER 
CANYON  REPORT,  USBR,  1948. 


OVERFLOW  SPILLWAY  CREST 

3  ON  I  UPSTREAM  FACE 

HYORAULIC  OESIGN  CHART  111-7 


0.tl4Hg 


»»  I _ 


'ORION  OF  COORDINATES 
X  .. 


X  X<-*<« 

X  X<-*<« 

«  0 

1.939  x 

1.939  x 
«<!«•"» 

Hd 

1 .939  x 
Hd°-"o 

.10 

.0155 

6 

25.613 

1 

1.939 

26 

27.146 

51 

46.850 

.15 

.0323 

7 

33.855 

2 

3.399 

27 

27.989 

52 

47.593 

.20 

.0543 

8 

43.111 

3 

4.721 

28 

28.825 

53 

48.333 

.25 

.0813 

9 

53.355 

4 

5.960 

29 

29.657 

54 

49.070 

.30 

.1131 

10 

64.565 

5 

7.141 

:o 

30.482 

55 

49.805 

.36 

.1495 

12 

89.809 

6 

8.277 

3. 

31.303 

56 

50.537 

.40 

.1904 

14 

118. 711 

7 

9.378 

32 

32.118 

57 

51.267 

.45 

.2357 

16 

151 . 167 

8 

10.449 

33 

32.929 

58 

51.994 

.50 

.2852 

18 

187.087 

9 

1 1 .495 

34 

33.735 

59 

52.719 

.60 

.3967 

20 

226.394 

10 

12.519 

35 

34.536 

60 

53.442 

.70 

.5244 

25 

339.056 

II 

13.524 

36 

35.333 

61 

54.162 

.80 

.6677 

30 

471.617 

12 

14.512 

37 

36,126 

62 

54.880 

.90 

.8264 

35 

623.395 

13 

15.484 

38 

36.915 

63 

55.596 

1.00 

1.000 

40 

793.832 

14 

16.442 

39 

37.700 

64 

56.310 

1.20 

1.391 

45 

982.459 

15 

17.386 

40 

38.481 

65 

57.021 

1.40 

1.839 

50 

II6S, 874 

16 

18.320 

41 

39.258 

66 

57.731 

1.60 

2.341 

55 

1412,72! 

17 

19.242 

42 

40.032 

67 

58.438 

1.80 

2.898 

60 

1653.689 

18 

20.153 

43 

40.804 

68 

59.144 

2.00 

3.506 

65 

!9I 1.496 

19 

21.056 

44 

41.569 

69 

59.847 

2.50 

5.251 

70 

2185.885 

20 

21.949 

45 

42.333 

70 

60.549 

3.00 

7.304 

75 

2476.629 

21 

22.834 

46 

43.093 

71 

61.249 

3.50 

9,655 

80 

2783.511 

22 

23.710 

47 

43.851 

72 

61.947 

4.00 

12. '295 

90 

3444.918 

23 

24.580 

48 

44.605 

73 

62.643 

4.50 

15.217 

100 

4158.694 

24 

25.442 

49 

46.356 

74 

63.337 

5.00 

18.413 

_ 

25 

26.297 

50 

46.105 

75 

64.029 

note:  equation  based  on  oata  for 

NEGLIGIBLE  VELOCITY  OF  APPROACH 
PUBLISHED  IN  BULLETIN  3,  BOULOER 
CANYON  REPORT  USBR,  IB4B. 
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3-ON-2  UPSTREAM  FACE 
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ill  l-H 


NOTE:  EQUATION  BASED  ON  USBR 
CURVES,  HDC  122-3/1, 
hd/Hd-0.00. 


DOWNSTREAM  QUADRANT  DATA 


StC'F  DATA 


X 

x,  76 

X 

X»  78 

1  852  * 

„0  78 

1  852  * 

H0  78 

dY 

dX 

X 

0  10 

0  0165 

6 

24  272 

1 

1852 

26 

23  512 

100 

1052 

0  15 

0  0341 

7 

31936 

2 

3  180 

27 

24  214 

105 

1  120 

0  20 

0  0569 

8 

40  504 

3 

4  363 

28 

24  911 

1  10 

1  189 

0  25 

0  0847 

9 

49  952 

4 

5  460 

29 

25  602 

l  15 

1258 

030 

0  1172 

10 

60  256 

5 

6  498 

30 

26  288 

1  20 

l  329 

0  35 

0  1543 

12 

83  357 

6 

7  4C' 

31 

26  969 

1  25 

1  400 

0  40 

0  1957 

14 

109  675 

7 

8  449 

3? 

27  645 

1  30 

1  473 

0  45 

0  2413 

16 

139  102 

8 

9  376 

33 

28  317 

1  35 

1  546 

050 

0  2911 

18 

171  548 

9 

10  278 

34 

28  984 

1  40 

1  619 

OoO 

0  4028 

20 

206  935 

10 

11  IS? 

35 

29  647 

1  45 

1  694 

0  70 

0  5299 

25 

307  846 

11 

12  020 

36 

30  306 

1  50 

1  769 

0  80 

0  6722 

30 

425  869 

12 

13SS9 

37 

30  960 

1  55 

1  845 

090 

0  8289 

35 

560  326 

13 

13  69? 

38 

31  611 

1  60 

1  922 

100 

1  0000 

40 

710  668 

14 

14  507 

39 

32  258 

1  65 

1  999 

1  20 

?  383 

45 

876  432 

IS 

15  309 

40 

32  901 

1  70 

2  077 

140 

!  810 

50 

1057  223 

16 

16  100 

41 

33  541 

1  75 

2  156 

1  60 

2  309 

55 

1252  696 

17 

16  879 

42 

34  178 

180 

2  235 

1  80 

2  84? 

60 

1462  545 

18 

17  649 

43 

34  811 

200 

3  434 

65 

1686  498 

19 

IB  409 

44 

35  440 

250 

5  109 

70 

1924  308 

20 

19  161 

45 

36  0©7 

3  CO 

7  068 

75 

2175  750 

21 

19  904 

46 

36  691 

350 

9  300 

80 

2440  620 

22 

20  639 

47 

37  311 

400 

11  794 

90 

3009  897 

23 

21  368 

48 

37  929 

4  50 

14  546 

100 

3630  780 

24 

22  089 

49 

38  544 

500 

17  546 

25 

37  803 

50 

39  156 

OVERFLOW  SPILLWAY  CREST 

3-ON-3  UPSTREAM  FACE 
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NEGLIGIBLE  VELOCITY  OF  APPROACH  FLOW 


OVERFLOW  SPILLWAY  CREST 

n  AND  K  CURVES 

HYDRAULIC  DESIGN  CHART  111-10 


HYDRAULIC  DESIGN  CRITERIA 


SHEETS  111-11  TO  111-14/1 
OVERFLOW  SPILLWAY  CRESTS 
UPPER  NAPPE  PROFILES 


1.  The  shapes  of  upper  nappe  profiles  for  overflow  spillway  crests 
are  used  in  the  design  of  spillway  abutment  walls  and  in  the  selection  of 
trunnion  elevations  for  tainter  gates.  Hydraulic  Design  Charts  111-11  to 
111-14/1  give  nappe  profile  data  for  spillway:,  without  and  with  abutments 
and  piers  and  for  a  sampling  of  irregula)  .pproach  flow  conditions. 

2.  Charts  111-11  to  111-12/1  present  tabulated  coordinates  of  upper 
nappe  profiles  in  terms  of  the  design  head  (H^)  for  gated  and  ungated  spill¬ 
ways  with  head  ratios  (H/H^)  of  0.50,  1.00,  and  1.33.  Chart  111-11  is  ap¬ 
plicable  to  standard  spillway  crests  of  hign  overflow  dams  without  piers  or 
abutment  effects.  Charts  111-12  and  12/1  are  applicable  to  center  bays  of 
gated  spillways  without  abutment  effects.  Profiles  for  intermediate  head 
ratios  may  be  obtained  by  plotting  Y/H^  vs  H/H^  for  a  given  X/H<j.  The  pro¬ 
file  coordinates  are  based  on  investigations  for  negligible  velocity  of 
approach  conducted  under  CW  801,  "General  Spillway  Tests." 

3.  Charts  111-13  and  13/l  present  graphically  upper  nappe  profiles 
for  three  gate  bays  adjacent  to  abutments  and  show  the  abutment  effects  on 
the  nappe  profiles,  based  on  Pine  Flat  Dam  model  test  data.'l)  The  obser¬ 
vations  were  not  in  sufficient  detail  to  Justify  definition  of  the  shapes 
by  tabular  coordinates. 

4.  Charts  111-14  and  l4/l  present  graphically  upper  nappe  profiles 
along  left  and  right  abutments  for  varying  abutment  radii  and  the  effects 
of  approach  channel  irregularities  near  th>-  abutment  (i.e.,  a  water-quality 
control  tower,  a  power  house,  and  a  relatively  shallow  and  irregular  approach 
channel).  Chart  111-14  is  based  on  Rowlesburg  Dam(2)  model  test  data  and 
Chart  111-14/1  is  based  on  Alum  Creek  Dam'3,.  and  Clarence  Cannon  Dam'^' 
model  test  data.  The  observations  were  not  .  n  sufficient  detail  to  Justify 
definition  of  the  shapes  by  tabular  coordinates. 
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COORDINATES  FOR  UPPER  NAPPE  AT  £  OF  BAY  WITH  TYPE  2  PIERS* 


H/Hd 

=  0.50 

H/Hd 

=  1.00 

H/Hd 

=  1.33 

X/Hd 

Y/Hd 

X/Hd 

Y/Hd 

X/Hd 

Y/Hd 

-1.0 

-0,482 

-Jt.O 

-0.9*1 

-1.0 

-1.230 

-0.8 

-0.480 

-0.8 

-0.932 

-0.8 

-1.215 

-u.6 

-0.472 

-0  '/ 

-0.V13 

-0.6 

-1.194 

-0.4 

-0.457 

-0.4 

-o.evo 

-0.4 

-1.165 

-0.2 

-0.431 

-0.2 

-0.855 

-0.2 

-1.122 

0.0 

-0.384 

0  0 

-0.805 

0.0 

-1.071 

0.2 

-0.313 

0.2 

-0.735 

0.2 

-1.015 

0.4 

-0.220 

0.4 

-0.647 

0.4 

-0.944 

0.6 

-0.088 

0.6 

-0.539 

0.6 

-0.847 

0.8 

0.075 

0.8 

-0.389 

0.8 

-0.725 

1.0 

0.257 

1.0 

-0.202 

1.0 

-0.564 

1.2 

0.462 

1.2 

0.015 

1.2 

-0.356 

1.4 

0.705 

1.4 

0.266 

1.4 

-0.102 

1.6 

0.977 

1.6 

0.521 

1.6 

0.172 

1.8 

1.278 

1.8 

0.860 

1.8 

0.465 

OVERFLOW  SPILLWAY  CREST 

*BASEO  ON  CW.OI  TESTS  EOR  UPPER  NAPPE  PROFILES 

NEGLIGIBLE  VELOCITY  OF  APPROACH  CENTER  LINE  OF  PIER  BAY 

HYDRAULIC  DESIGN  CHART  111-12 


Wf»  »-»4 


TYPE  2  PIER 
(CHART  I II -5) 


COORDINATES  FOR  UPPER  NAPPE  ALONG  PIERS* 


H/Mrf  *  0.50 
X/H,  Y/Hj 


•1.0  -0  495 
-01  -0  492 
Ot  -0.490 
-'.'.4  -o.a? 
-0.2  -0.440 
0.0  -0  313 
0.2  -0  265 
0  4  -0.115 
0.6  -0.076 
Ot  0  060 
1.0  0.240 

1.2  0.445 

1.4  0  675 

I  6  0.925 

I I  1.177 


H/H^  s  l.OC 
X/H,  Y /Hj 


-1.0  -0.950 
-01  -0.940 
-0  6  -0.929 
-0  4  -0  930 
-0.2  -0.925 
0.0  -0.779 
0  2  -0  651 
0  4  -0.545 
0  6  -0  425 
0.8  -0  215 
1.0  -0.121 

1.2  0  067 

1.4  0  216 
1.6  0.521 
1.1  0.779 


H/Hj*l.tt 
X/H,  Y/H, 


-1.0  -1.235 
-OS  -1  221 
-0.6  -1209 
-0.4  -1.21S 
-0  2  -1.244 
0.0  -1  103 
0.2  -0.950 
0.4  -0.121 
06  -0.619 
Ot  -0.549 
1.0  -0.389 

1.2  -0.215 

1.4  0.011 
1.6  0.208 

1.5  0.438 


EASED  ON  ESeOI  TESTS  FOR 
NEGLIGIBLE  VELOCITY  OF  APPROACH 


OVERFLOW  SPILLWAY  CREST 

UPPER  NAPPE  PROFILES 
ALONG  PIERS 

HYDRAULIC  DESIGN  CHART  III-I2/I 


WES  9-54,  REV 


CHART  111-13 
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HYDRAULIC  DESIGN  CRITERIA 


SHEETS  111-16  TO  111-16/2 
HIGH  OVERFLOW  DAMS 
CREST  PRESSURES 


1.  Hydraulic  Design  Charts  111-16  to  111-16/2  present  plots  of 
crest  pressures  for  H/H^  values  of  0.50,  1.00,  1.17,  1.33,  and  1.50. 

Tne  charts  are  based  on  recent  ES  801  test  data*  for  crests  with  and  with¬ 
out  piers:  Chart  111-16  represents  pressures  on  crests  without  piers; 

Chart  lll-16/l,  pressures  midway  between  piers;  and  Chart  111-16/2,  pres¬ 
sures  adjacent  to  piers.  Piezometers  used  for  measuring  the  last  condition 
were  located  immediately  adjacent  to  the  pier  face. 

2.  The  data  shown  are  applicable  to  high  overflow  dams  with  standard 
crests.  Data  are  plotted  in  terms  of  the  dimensionless  factors,  pressure 
divided  by  design  head  (hp/Hd)  and  horizontal  distance  divided  by  design 
head  (x/Hd) ,  to  permit  ready  conversion  to  any  selected  design  head.  Pres¬ 
sures  for  intermediate  head  ratios  can  be  obtained  by  plotting  hp/Hd  ver¬ 
sus  H/Hd  for  a  given  X/Hd  . 

3.  It  is  recommended  that  the  spillway  design  head  Hd  be  selected 
so  that  the  minimum  crest  pressure  for  the  maximum  expected  head  H  be  no 
lower  than  -20  ft  of  water  to  ensure  cavitation- free  operation. 


*  U.  S.  Amy  Engineer  Waterways  Experiment  Station,  CE,  Investigations  of 
Various  Shapes  of  the  Upstream  Quadrant  of  the  Crest  of  a  High  Spillway; 
Hydraulic  Laboratory  Investigation,  by  E.  S.  Melsheimer  and  T.  E.  Murphy. 
Research  Report  H-70-1,  Vicksburg,  Miss.,  January  1970. 

111-16  to  Hl-16/2 
Revised  3-55 
Revised  9-70 


JwSeMkX*.'  -'-  -  Jfc- 


HYDRAULIC  DESIGN  CRITERIA 


‘SHEET  111-17 


HIGH  OVERFLOW  DAMS 


PRESSURE  RESULTANTS 


1.  In  certain  stability  problems  it  is  desirable  to  determine  the 
actual  pressure  forces  acting  on  the  upstream  face  of  the  dam  rather  than 
to  assume  straight-line  pressure  distribution  near  the  crest.  Hydraulic 
Design  Chart  111-17  presents  a  plot  of  experimental  data  showing  pressure 
distribution  in  terms  of  the  design  head.  The  data  presented  are  based  on 
CN  801  tests  for  crests  without  piers  and  on  USBR  tests v-w  of  pressures  on 
a  sharp-crested  weir  for  H/Hp  =  1.00.  The  location  and  magnitude  (in  terms 
of  the  design  head)  of  three  resultants  based  on  integration  of  the  pres¬ 
sure  plot  between  the  limits  of  0  <  y  <  1. 5  H<p  are  also  shown.  The  cross- 
hatched  area  (Rp)  is  a  pressure  reduction  to  be  applied  to  the  normally 
assumed  pressure  acting  on  the  vertical  face  of  the  dam.  Sufficient  pres¬ 
sure  data  on  the  vertical  face  are  not  available  to  allow  computation  of 
the  resultant  (Rp)  for  ll/Hp  values  of  0.50  and  1.33*  R2  is  the  vertical 
pressure  resultant  effected  by  flow  over  the  curved  surface  of  the  crest. 

is  the  horizontal  pressure  resultant  effected  by  the  flow  downstream 
from  the  spillway  crest. 


"Studies  of  Crests  for  Overfall  Dams,  Boulder  Canyon  Project," 
Final  Reports,  Part  VI,  Bulletin  3,  Bureau  of  Reclamation,  1948. 
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HYDRAULIC  DESIGN  CRITERIA 
SHEETS  111-18  TO  111-18/5 
SPILLWAY  ENERGY  LOSSES 


1.  An  estimate  of  the  loss  of  energy  on  the  downstream  face  of  a 

h  -.gh  overflow  spillway  may  be  important  in  the  design  of  energy-dissipating 
devices  at  the  foot  of  the  spillway.  If  the  losses  are  substantial,  their 
evaluation  is  desirable  in  order  to  design  an  economical  stilling  basin  or 
to  estimate  the  throw  of  a  jet  from  a  flip  bucket.  The  problem  is  twofold: 
(a)  determination  of  energy  loss  during  development  of  the  turbulent  bound¬ 
ary  layer,  and  (b)  determination  of  energy  loss  ixi  the  fully  developed 
turbulent  flow.  For  a  large  head  on  the  crest  with  the  spilli  ^.y  design 
flow,  usually  only  (a)  need  be  considered.  HDC  111-18  to  111-18/5  apply 
to  the  condition  of  turbulent  boundary  layer  development. 

2.  Previous  Desjgn  Criteria.  It  has  been  common  practice  to  use  the 
Manning  equation  or  some  other  open-channel  equation  to  determine  spillway 
energy  losses.  Gumensky  based  an  analysis  on  the  Manning  equation  and  pub¬ 
lished  a  graph  which  has  been  widely  used.  Jansen2  proposed  an  empirical 
equation  based  on  Randolph 's3  observation  on  Madden  Dam.  Bradley  and 
Peterka1*  published  a  graph  which  reflects  spillway  losses  as  indicated  by 
tests  on  Shasta  and  Grand  Coulee  Dams.  In  general,  the  results  obtained 

by  these  methods  do  not  agree. 

3.  Boundary  Layer  Theory.  The  concepts  of  displacement  thickness 
and  momentum  thickness  of  the  boundary  layer  are  discu-sed  in  modern  fluid 
mechanics  textbooks. 5  The  concept  of  energy  thickness,  which  is  useful  in 
the  spillway  energy-loss  problem,  has  appeared  in  the  literature  only 
recently.  Schlichting^  makes  reference  to  the  use  of  the  energy  thickness 
by  Wieghardt.7  The  decrease  in  energy  flux  in  the  boundary  layer  caused 
by  friction  is  found  by: 


^  P  Jo  u  (U2  -  u2)  dy 


(1) 


where  5  is  the  boundary  layer  thickness  as  indicated  in  the  definition 
sketch  in  HDC  111-18,  u  is  the  velocity  at  a  distance  y  from  the  bound¬ 
ary,  and  U  is  the  potential  flow  velocity.  By  definition,  the  energy 
thickness  63  is  the  thickness  of  a  layer  of  fluid  with  velocity  U  which 
represents  the  loss  of  energy  flux  in  the  boundary  layer: 


P  U3S, 


u2) 


dy 


(2) 


If  S^  can  be  estimated,  the  energy  flux  loss  upstream  from  any  point  on 
the  spillway  face  can  be  found  from: 


\  “  5  0 US 


(lb/sec) 


(4) 


Division  of  equation  4  by  q 7  ,  where  q  is  the  unit  discharge  and  7  is 
the  specific  weight,  results  in  defining  the  energy  loss  in  terms  of  feet 
of  head: 


SIT 

h-A 


(feet  of  head) 


(5) 


where  g  is  the  acceleration  due  to  gravity. 
U  is  discussed  below. 


The  evaluation  of  5.  and 


4.  Turbulent  Boundary  Layer  Investigations.  During  spillway  dis¬ 
charge,  the  turbulent  boundary  layer  continues  to  develop  until  it  reaches 
the  free  water  surface  or  until  the  flow  enters  the  energy  dissipator  at 
the  toe  of  the  structure.  Bauer^»9  made  extensive  laboratory  tests  and 
correlated  boundary  layer  thickness  and  development  length  (x)  with  surface 
roughness.  His  analysis  included  limited  prototype  data. 10  Keulegan11 
reanalyzed  Bauer's  data  and  proposed  the  equation 


!-<>•*(£)' 


•1/4 


(6) 


1  ) 


where  X  is  the  distance  from  an  assumed  origin  and  k 
surface  roughness  height. 


is  the  absolute 


5.  Spillway  Energy  Losses.  A  study  of  Bauer's®’^  data,  Keulegan's11 
reanalysis,  additional  prototype  data,-^  and  photographs*  has  been  made  by 
the  Waterways  Experiment  Station^  >14  to  develop  design  criteria  for  esti¬ 
mating  spillway  energy  losses.  This  study  resulted  in  the  curve  given  in 
HDC  111-18  which  is  applicable  for  estimating  the  boundary  layer  thickness 
in  flows  over  spillways.  The  eqvation  of  tho  curve  is: 


6 

L 


-  °'08  (  I  ) 


-0.233 


(7) 


where  L  is  the  length  along  the  spillway  crest  from  the  beginning  of  the 
crest  curve  (HDC  111-18).  A  roughness  k  value  of  0.002  ft  is  recommended 
for  concrete. 


*  Unpublished  photographs  by  the  U.  S.  Army  Engineer  District,  Vicksburg, 
Miss.,  of  flow  over  the  spillway  of  Arkabutla  Dam,  Coldwater  River, 
Mississippi . 


111-18  to  111-18/? 


6.  The  relations  between  boundary  layer  thickness  &  ,  displacement 
thickness  ,  and  energy  thickness  6^  ,  based  on  Bauer's  data  for  screen 
roughness,  have  been  found  to  be: 

&1  =  0.18&  (8) 

&3  =  0.225  (9) 

The  use  of  these  relations  in  conjunction  with  the  potential  flow  depth  and 
equations  5  and  7  are  recommended  for  estimating  spillway  flow  depths  and 
energy  losses.  Modifications  to  equations  7,  8,  and  9  may  prove  desirable 
as  additional  data  become  available. 

7.  Application. 

a.  Case  1,  The  boundary  layer  thickness  5  ,  the  flow  depth 

d  ,  and  the  spillway  energy  loss  for  design  heads  of 

20,  30 ,  and  40  ft  can  be  estimated  directly  from  HDC  111-18/2 
and  111-18/3  for  the  standard  crest  shape  defined  by 

HDC  111-1  to  111-2/1.  The  use  of  HDC  111-18/2  and  III-18/3 
is  applicable  to  spillways  with  tangent  face  slopes  of  1:0.7 
and  a  surface  roughness  k  of  0.002  ft.  HDC  111-18/4  illus¬ 
trates  the  required  computations.  The  computations  indicate 
that  the  boundary  layer  has  not  reached  the  free-vater  sur¬ 
face.  Therefore,  no  bulking  of  the  flow  is  to  be  expected 
from  air  entrainment  caused  by  turbulence  generated  at  the 
spillway  face.” 

b.  Case  2.  For  the  standard  crest  shapes  with  face  slopes  other 
than  1:0.7,  HDC  111-1,  111-18,  and  lll-l8/l  and  equations  5, 
8,  and  9  should  be  used  in  the  manner  illustrated  by  the  sam¬ 
ple  computation  given  in  HDC  111-18/5.  If  the  computed 
boundary  layer  thickness  is  indicated  to  become  greater  than 
the  summation  of  the  displacement  thickness  and  the  potential 
flow  depth,  the  intersection  of  the  free-water  surface  and 
the  boundary  layer,  sometimes  called  the  critical  point,  can 
be  located.  This  can  be  done  by  plotting  the  flow  depth  d 
arci  boundary  layer  thickness  5  as  functions  of  the  boundary 
length  as  shown  in  HDC  111-18/2.  Air  entrainment  begins  be¬ 
yond  the  critical  point,  and  the  energy- loss  mechanism  is  not 
well  understood. 

c.  Case  3^  For  other  than  the  standard  crest  shape,  the  curved 
crest  length  Lc  is  determined  graphically  or  analytically. 
The  compulation  procedure  is  then  similar  to  that  for  Case  2. 
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LEGEND 

BAUER  20*  SLOPE,  K  =  0.0014  FT 

BAUER  40*  SLOPE,  K  =  0  0014  FT 

BAUER  60*  SLOPE,  K  =  0  0014  FT 

NORRIS  55*  SLOPE,  K  =  0.0020  FT 

ARKABUTL A  59*  SLOPE,  K  =  0.0020  FT 
CLENMAGGIE  IS*  SLOPE,  K  =  0.0020  FT 


iBBllSSgHwS i— ■■■■■! "-I 

i88iSSSSS58»««i— ■■■■■! 

iSSMSaaBSiBi 

i  Hni unman  anti itauMM  ■■■■■>  I 

iBSaiaiBBiaiiijiij! 

mmmmmnw 


mu 


III 


5"  BOUNDARY  LAYER  THICKNESS,  FT 
L  >  SURFACE  LENGTH,  FT 
K- ABSOLUTE  SURFACE  ROUGHNESS 
HEIGHT,  FT 


DEFINITION  SKETCH 


HIGH  OVERFLOW  DAMS 
SPILLWAY  ENERGY  LOSS 
BOUNDARY  LAYER  DEVELOPMENT 

HYDRAULIC  DESIGN  CHART  111-18 
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NOTE.  Lc  =  LENGTH  ALONG  CURVED  CREST,  FT 
X  =  HORIZON,  AL  COORDINATE  ,  FT 
Hd=  SPILLWAY  DESIGN  HEAD,  FT 


HIGH- OVERFLOW  DAMS 


SPILLWAY  ENERGY  LOSS 
STANDARD  CREST  LENGTH 


HYDRAULIC  DESIGN  CHART  111-18/ 1 
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legend 

depth  of  flow, ft 
potential  flow  oepth,ft 
BOUNDARY  layer  thickness, ft 

DISPLACEMENT  THICKNESS,  FT 
POTENTIAL  VELOCITY, FP5 
POINT  VELOCITY  ,  F  PS 
TOTAL  LENGTH  TO  SECTION,  FT 
SPILLWAY  DESIGN  HEAD, FT 
ABSOLUTE  ROUGHNESS, FT 


definition  sketch 


NOTE  CURVES  APPLICABLE  TO  STANDARD 
SPILLWAY  CREST  CHOC  lll-l  TO 
WITH  I  0  7  TANGENT  FACE  SLOPv 
DEPTH  (d)  IS  POTENTIAL  FLOW J'EP™ 
PLUS  DISPLACEMENT  THICKNESS 


HIGH -OVERFLOW  DAMS 

SPILLWAY  ENERGY  LOSS 
STANDARD  CREST 
LOCATION  OF  CRITICAL  POINT 
hydraulic  design  chart  m-ie/2 
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NOTE  CORVES  APPLICABLE  TO  STANDARD 

SPILLWAY  CREST  (HDC  lll-l  TO  111-2/0 
WITH  I  0  7  TANGENT  SECTION 
ENERGY  LOSS  BASED  ON  ENERGY 
THICKNESS  FOR  ABSOLUTE  ROUGH¬ 
NESS  k  OF  0008  FT 


HIGH- OVERFLOW  DAMS 


SPILLWAY  ENERGY  LOSS 


C 
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GIVEN: 

=  30  ft 
H  =  250  ft 

k  =  0.002  ft  (Surface  roughness) 
Face  slope  =  1:0.7 

COMPUTE: 

1.  Boundary  Geometry 

a.  Length  of  curved  crest,  Lc 

X1 

TT=  1.67  (HOC  111-1) 

nd 

■^•=2.50  (HOC  111-18/1) 

Hd 

Lc  =  2.50Hd  -  75.0  ft 

b.  Length  of  tangent,  Lj 

Y, 

1.32  (HDC  111-1) 


Y,  -  1.32Hd  -  39.6  ft 
Y2 -Y,  »  250  -39.6  =  210.4  ft 
0.7 


X2  ~  X 1  n  (Y  j  "  Y  j)  =  147.3  ft 


Lt  .  v/(210.4)2  +(147.3)2 
-  256.9  ft 

c.  Total  crest  length,  L 

L“LC  +  LT 

=  75.0  +  256.9  =  331.9  ft 


x1.8S  =  2h0.85y 


2.  Hydraulic  Computation 

a.  Spillway  energy  loss,  HL 

For  L  =  331.9  ft  and  H  d  =  30  f t 
Hl  =  20.0  ft  (HDC  111-18/3) 

b.  Energy  head  entering  stilling  basin,  Hb 

Hb  =  H  +  Hd-HL 

=  250  +  30  -  20  =  260  ft 

c.  Depth  of  flow,  d,  and  boundary  layer 
thickness,  8,  at  PC  of  toe  curve 

d  «  5.30  ft  (HDC  111-18/2) 

8  =  1.62  ft  (HDC  111-18/2) 


Note:  Computed  Hb  is  satisfactory  and  no 
bulking  of  flow  from  air  entrainment 
since  8  <  J. 
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HIGH  OVERFLOW  DAMS 
SPILLWAY  ENERGY  LOSS 
SAMPLE  COMPUTATION 
FACE  SLOPE  1.0.7 

HYDRAULIC  DESIGN  CHART  III -18/4 

Wf$ 


5 


GIVEN: 

Hj  =  30  ft 
H  =  350  ft 

k  =  0.002  ft  (Surface  roughness) 
Face  slope  =  1:0.78 

COMPUTE  ENERGY  HEAD 
ENTERING  STILLING  BASIN: 

1.  Boundary  Geometry 

a.  Length  of  curved  crest,  L 
X1 

tr  =  1.47  (HDC  111-1) 
nd 


X1  85  =  2Hj  85  Y 


■  J?r 


rr  -2. 15  (HDC  111-18/1) 
nd 

Lc  =  2. 15Hj  =  64.5  ft 

b.  Length  of  tangent,  Lj 

Y, 

I r=  1.04  (HDC  111-1) 

nd 

Y,  -  1.04Hd «.  31.2  ft 
Yj-Y,«  350  -  31,2  =  318.8  ft 

Tana  =  ^  =  1.2821 
Sin  a  =  0.7885 

»  404.4  ft 


y2-y, 


T  ”  Sjn  a  m  ft 

c.  Total  crest  length,  L 

L  =  Lc  +  Lt 

=  64.5  +  404.4  -  468.9  ft 
2.  Hydraulic  computation 

a.  Boundary  layer  thickness,  8 


i:.  — 2  344  x  105 

k  0.002  10 


=  0.08  (0.0561) 
=  0.00449 
8  =  2. 10  ft 


(HDC  111-18) 


b.  Energy  thickness,  83 

S3  =  0.22  8 (Eq  9,  sheets  111-18  to  111-18/5) 
=  0.462  ft 

c.  Unit  discharge,  q 


d.  Potential  flow  depth  dp  and  velocity  U  at 
PC  of  toe  curve 

u  j  U2 

Ht  =  d„  cos  a  +  — 

T  p  2g 

Cos  a  =  0.6150 

Ht  =  H  +  Hd  =  350  +  30  =  380  ft 
By  trial 


u 

U 

20 

"'-ft 

HI  ~  2g 
0.6150 

q  n  Udp 

(ft) 

(ft) 

(ft) 

(ft) 

(cfs) 

156.0 

377.9 

2.1 

3.41 

532  <  662 

155.9 

377.4 

2.6 

4.23 

659  =  662 

e.  Spillway  energy  loss 

8,  U3 

HL=-~--(Eq5,  sheets  111-18  to  111-18/5) 

0.462  (155.9)3 
&4.4  (662r  ”  ^  * 

f.  Energy  head  entering  stilling  basin 

Hb  =  H  +  Hd-HL 

=  350  +  30  -41  =  339  ft 

g.  Depth  of  flow,  d,  at  PC  of  toe  curve 

d  =  dp+S, 

8 1  =  0. 18  8  (Eq  8,  sheets  111-18  to  111-18/5) 

=  0.18  (2. 10)  =  0.38  ft 
d  =  4.23  +  0.38  =  4.61  ft 


9  -  LHd 

C  =  4.03  (HDC  111-3) 
q  =  4.03 (30)3/2  =  662  cfs 


Note:  Computed  Hfc  satisfactory  and  no  bulking 
of  flow  from  air  entrainment  since  8<  d. 


HIGH  OVERFLOW  DAMS 

SPILLWAY  ENERGY  LOSS 
SAMPLE  COMPUTATION 
FACE  SLOPE  I  O  78 

HYDRAULIC  DESIGN  CHART  II 1-18/5 
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HYDRAULIC  DESIGN  CRITERIA 


SHEETS  111-19  TO  111-19/2 
HIGH  OVERFLOW  DAMS 

SPILLWAY  CREST  WITH  OFFSETS  AND  RISERS 
CREST  SHAPES 


1.  Purpose ,  Use  of  spillway  crests  with  offsets  and  risers  may 
effect  appreciable  economies  in  the  construction  of  concrete  gravity  spill¬ 
ways  provided  the  concrete  mass  eliminated  from  the  standard  crest  shape 
defined  in  HDC  111-1  to  lll-2/l  is  not  required  for  structural  stability. 
The  scheme  has  also  been  adopted  for  the  high  arch  dam  Monteynard.1 

HDC  111-19  to  III-I9/2  should  serve  for  developing  crest  shapes  for  prelim¬ 
inary  economic  studies.  It  is  suggested  that  the  final  spillway  shape  be 
model-tested. 

2.  Background.  A  laboratory  study  of  overhanging  crests  produced  by 
an  offset  in  a  sharp-crested  weir  was  reported  by  the  U.  S.  Bureau  of  Rec¬ 
lamation  (USBR) .2  A  recent  analysis  of  unpublished  USBR  test  data  was  made 
by  the  Waterways  Experiment  Station  (WES).  In  this  study  the  dimensionless 
quantity  of  the  ratio  of  the  riser  height  to  the  head  on  the  rounded  crest 
M/fyj  was  selected  as  the  basic  shape  variable.  The  offset  dimension  N 
does  not  appear  to  be  very  effective  until  the  ratio  M/K^  becomes  very 
small.  One  Halloing  case  is  the  offset  weir  with  no  riser  (M  =  0),  which 
forms  a  45-degree  backward- sloping  weir.  The  lower  nappe  of  the  flow  over 
a  45-degree  backward- sloping,  sharp-crested  weir  may  extend  initially 
slightly  upstream  of  the  sharp  crest.  The  other  limiting  case  is  a  high 
spillway  with  no  offset  (N  =  0)  described  in  HDC  111-1  to  lll-2/l.  The 
test  data  selected  for  the  WES  study  were  from  experiments  with  negligible 
velocity  of  approach,  a  condition  representative  of  a  high  dam  for  which 
substantial  savings  in  concrete  would  result  from  undercutting  the  upstream 
face.  These  data  were  for  M/tl^  test  values  of  0.240  to  0.396  having 
N/lFk  values  of  0.079  to  0.240.  The  resulting  M/fa  values  are  1.0  to  5.0. 
Sections  having  M/fa  values  less  than  0.5  are  not  recommended.2  The  re¬ 
sults  of  this  study  are  summarized  in  HDC  111-19  to  111-19/2  and  generally 
define  spillway  crest  geometry  for  riser-design  head  ratios  of 

0  <  M/&  <  1.0. 

3.  Crest  Location.  The  USBR  lower- nappe  coordinates  are  in  terms  of 
the  head  on  the  sharp-crested  weir  and  have  their  origin  at  the  weir.  For 
design  purposes,  it  is  more  convenient  to  have  the  coordinates  in  terms  of 
the  head  %  on  the  round  crest  with  their  origin  at  the  crest  apex. 

HDC  111-19  gives  curves  for  estimating  the  distance  Xe  of  the  round  crest 
from  the  sharp  crest  and  the  height  Ye  of  the  round  crest  above  the  sharp 
crest.  The  curves  are  in  terms  of  the  design  head  H^  on  the  round  crest 
and  are  plotted  as  a  function  of  the  ratio  of  the  riser  height  to  design 
head  M/H^  .  The  values  of  Xe/tid  and  Yg/h^  were  found  to  be  O.287  and 
0.166,  respectively,  for  the  limiting  case  of  =  0  .  HDC  111-2/1 


Lll-19  to  Hl-19/2 


,-*5^s><75^*>.-  -sr.H 


gives  values  of  0.270  and  0.126  for 


Vs"! 


and  Y /H^  ,  respectively,  for 


the  case  of  M/k^  >  1.0  .  These  limiting  cases  are  plotted  in  HDC  111-19 
and  were  used  as  guides  in  defining  the  general  shape  of  the  curves  given 
in  the  chart. 

4.  Downstream  Quadrant.  The  standard  form  of  the  equation  for  the 
downstream  quadrant  with  the  head  on  the  round  crest  is: 


i  ■  ■(«> 


(1) 


Values  of  the  constant  K  and  the  exponent  n  for  various  ratios  of  M/H 
were  determined  graphically  and  by  electronic  computer.  Values  of  n  anda 
K  resulting  in  best  correlation  with  the  basic  data  are  plotted  in  graphs 
a  and  b  in  HDC  lll-19/l.  Data  points  appropriate  for  the  limiting  cases 
discussed  in  paragraph  3  are  also  shown.  The  vertical-face  spillway  de¬ 
fined  in  HDC  111-1  has  n  and  K  values  of  1.85  and  0.50,  respectively. 

It  is  reasoned  that  the  values  of  n  and  K  should  approach  these  limits 
asymptotically  as  the  riser  height  M  becomes  larger  in  relation  to  the 
design  head  H-,  . 


5.  Upstream  Quadrant.  The  standard  form  of  the  equation  defined  in 
HDC  111-1  to  111-2/1  for  the  upstream  quadrant  of  the  vertical-face  weir 
was  used  as  a  basis  for  the  case  of  weirs  with  offsets  and  risers: 


w  '  w'  N  w7 


(2) 


The  subscript  w  refers  to  the  sharp-crested  weir.  The  conditions  estab¬ 
lished  for  developing  the  exponents  and  constants  of  the  equations  included: 


a.  Curve  slopes 


dY 

_ w 


of  zero  at  the  round  crest  and  of  infinity 


b. 


c . 


at  the  sharp-crested  1  iser  for  the  selected  values  of  X  /H, 

and  Y  M .  .  6  d 

e7  d 

For  M/hd  values  >  0.24,  the  exponent  n^  of  the  first  term 
has  the  value  of  0,625  developed  for  the  vertical-face  weir 
using  relaxation  data  of  McNown  and  others^  discussed  in 
HDC  111-1  to  111-2/1. 

The  exponent  n  of  the  second  term  is  the  same  as  that 
developed  for  the  downstream  quadrant. 


d.  The  constants  K^_  and  developed  to  provide  a  reasonable 
fit  to  the  experimental  data. 

6.  Computed  values  of  exponents  and  constants  for  equation  2  based 
on  the  selected  USBR  data  are  plotted  in  graphs  a  and  c  in  HDC  lll-19/l. 

The  plotted  points  meet  the  conditions  established  in  paragraph  5. 


111-19  to  111-19/2 


7.  Application.  The  crest  shape  defined  in  HDC  111-1  to  lll-2/l 
should  he  applicable  to  overhanging  spillways  having  riser  heights 
>  0.6%  .  Use  of  the  curves  in  HDC  111-19  and  lll-19/l  is  suggested  for 
preliminary  design  purposes  should  there  be  design  reasons  for  making  the 
riser  smaller  than  0.6%  .  The  curves  on  these  charts  should  be  used  in 
the  manner  indicated  by  the  sample  computation  given  in  HDC  111-19/2.  The 
final  design  should  be  model-tested.  The  use  of  a  curvature  of  appreciable 
radius  to  connect  the  riser  to  the  sloping  overhang  is  recommended  if  model 
tests  indicate  pressure  pulsations  on  the  crest  resulting  from  flow  separa¬ 
tions  around  the  riser. 
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UPSTREAM  QUADRANT 
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NOTE  NUMBERS  ON  GRAPH  ARE  VALUES  OF  N/Hd. 
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SURFACE  OF  NAPPE  FROM  SHARP-CRESTED 
WEIR  WITH  NEGLIGIBLE  VELOCITY  OF  APPROACH, 


HIGH-OVERFLOW  DAMS 
SPILLWAY  CRESTS 
WITH  OFFSET  AND  RISER 

CREST  LOCATION 

HYDRAULIC  DESIGN  CHART  111-19 


*  A (  NG’NC  C  R  •' 


'»  (APCRIMENT  *T»T,0*|  VICKJ«U"i 


WCS  I  - *6 


^ •  ?-> •  *^3^* ^-W  ^^*f—  *.~<T^r  < 


i  »t^me»».-.  -. 


a.  EXPONENT  n,  DOWNSTREAM  QUADRANT 


b.  COEFFICIENT  K,  DOWNSTREAM  QUADRANT 


C.  COEFFICIENTS  AND  EXPONENTS,  UPSTREAM  QUADRANT 


LEGEND 

•  BASED  ON  UNPUBLISHED  USSR  DATA 
C  BASED  ON  PUBLISHED  USSR  DATA 

•  HDC  SHEETS  lll-l  TO  III-2/I  AND  HOC  111-2 

NOTE:  NUMBERS  ON  GRAPHS  ARE  VALUES  OF  N/Hj. 
Hd  IS  DESIGN  HEAD  FOR  NEGLIGIBLE  VELOCITY 
OF  APPROACH. 


HIGH-OVERFLOW  DAMS 

SPILLWAY  CRESTS 
WITH  OFFSET  AND  RISER 

CREST  SHAPE 

HYDRAULIC  DESIGN  CHART  lll-IR/l 
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GIVEN: 


Vr-y^r 


Hd  =  40  ft 
IT  =  0.30  ft 

e 

~  =  0.25  ft 
Hd 

Negligible  velocity  of  approach 
COMPUTE: 

I.  Downstream  Quadrant  Equation 


K  i  0.508,  n  =  1.825  (HOC  111-19/1) 


rp  =0.508 

Hd 


Gr 


2.  Upstream  Quadrant  Equation 


K  =  0.405,  K,  *0.730 

\  (HDC  ill- 19/1) 
n,--  0.625,  n  -  1.825  j 


3.  Check  for  Zero  Slope  at  Crest 
X  Y 

—  -  0.282 ,  pp  r  0.130  (HDC  111-19) 

d  d 

H  »H,i  V  -  H,  +  0.130H,  =  1.130H. 

w  d  ©  d  d  d 


'  _<L_  0-282 

H  B  1.130H.  ’  1.130' 

w  d 


0.250 , 


H  1.130H 


-0.115 


'(§ 

;(t) 


-  °-405  x  0,62j  -  0.730  X  1.825  (0.250)0-825 
(0.250)° ■ 3  7  5 

„  _  i  33i  (0,319)  -  0.002  *  0.000 

0.5°4 


Note:  For  final  design  greater  accuracy  of 
computations  is  recommended. 
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4.  Solve  for  Values  of  Kj  and  Kj  Giving 

X, 

Zero  Slope  at  the  Crest  for  77"  *  0.250 

1 W 


B"-© 


/X 

!|v 


0. U5  =  K,  (0.250)0-”5  -Kj  (0.250)1-825 
0.115  -0.421K,  -0.080K2 


<5 


.  0.625 K,  (0.250)-°-37S 


‘ft) 

J 

-  1.825 K 2  (0.250)0  825  -0 
1.05 K  |  -  0.583 Kj  »  0 
K ,  a  0.554Kj 

Substitute  Equation  2  into  Equation  1 
0.115*  0.421  «  0.554  Kj  -  0.080  Kj 

Kj  «  0.752,  K,  *0.416 
Upstream  Quadrant  Equation 


(1) 


(2) 


.825 


HIGH-OVERFLOW  DAMS 

SPILLWAY  CRESTS 
WITH  OFFSET  AND  RISER 
CREST  GEOMETRY 
SAMPLE  COMPUTATION 

HYORAUUC  DESIGN  CHART  111-19/2 


HYDRAULIC  DESIGN  CRITERIA 


SHEETS  112-1  AND  112-2 
SPILLWAY  STILLING  BASINS 
HYDRAULIC  JUMP 


1.  General.  The  principle  of  conservation  of  linear  momentum  re¬ 
sults  in  the  classical  hydraulic  jump  equation 


Tables  for  the  evaluation  of  Dg  may  be  found  in  the  Corps  of  Engineers 
Hydraulic  Tables,  2d  Edition,  1944. 

2.  Spillway  Stilling  Basins.  The  purpose  of  Hydraulic  Design 
Charts  112-1  and  112-2  is  the  determination  of  the  elevation  of  the  apron 
or  stilling  basin  floor  when  headwater  and  tailwater  elevations  are  known 
for  a  given  discharge.  The  form  of  the  graphs  was  devised  by  Irwin.* 

On  each  chart  families  of  Dq  and  D2  curves  are  shown  for  various  dis¬ 
charges  per  foot  of  basin  width  and  heads.  Chart  112-1  covers  a  head 
range  of  5  to  500  ft  and  a  discharge  range  of  10  to  250  cfs.  Chart  112-2 
covers  a  similar  range  of  heads  but  has  a  discharge  range  of  100  to  2500 
cfs.  The  head  (H)  as  defined  by  the  sketch  at  the  foot  of  each  chart  is 
the  difference  between  the  headwater  and  tailwater  elevations.  In  the 
development  of  these  charts  friction  losses  were  neglected.  Recent  ex¬ 
periments  at  State  University  of  Iowa**  for  the  Waterways  Experiment 
Station  indicate  that  friction  losses  in  accelerating  flow  down  the  face 
of  a  spillway  may  be  considerably  less  than  the  normal  friction  loss  in 
well-developed  turbulent  flow.  Two  lines  depicting  the  Froude  number 
squared  (F2  =  3  F2  =  12)  are  shown  to  define  the  jump  characteris¬ 

tics.  The  line  F2  =  3  marks  the  boundary  between  jumps  of  the  undular 
and  shock  types.  Model  studies  indicate  that  a  strong  hydraulic  jump 
forms  in  the  region  above  the  line  F2  =  12  . 


*  R.  L.  Irwin,  "Diagram  for  hydraulic  jump,"  Civil  Engineering  (June 
1942),  p  335. 

**  W.  J.  Bauer,  "The  Development  of  the  Turbulent  Boundary  Layer  on  Steep 
Slopes,"  Dissertation,  University  of  Iowa,  Iowa  City,  August  1951. 

112-1  and  112-2 
Revised  1-68 


DIFFERENCE  IN  ELEVATION  BETWEEN  UPPER  POOL  AND  TAILWATER  FOR  HIGH  DAMS  OR  BETWEEN  ENERGY  GRADIENT  UPSTREAM 
FROM  JUMP  ANO  TAILWATER  FOP  LOW  DAMS  ANO  OPEN  CHANNELS  IN  FEET 


DIFFERENCE  IN  ELEVATION  BETWEEN  UPPER  POOL  AND  TAILWATER  FOR  HIGH  DAMS  OR  BETWEEN  ENERGY  GRADIENT  UPSTREAM 
FROM  JUMP  AND  TAILWATER  FOR  LOW  DAMS  AND  OPEN  CHANNELS  IN  FEET 
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HYDRAULIC  DESIGN  CRITERIA 


SHEET  112-2/1 
SPILLWAY  STILLING  BASINS 
HYDRAULIC  JUMP 
VELOCITY  DISTRIBUTION 


1.  The  balance  of  pressure-plus-momentum  upstream  and  downstream 
from  the  jump  is  the  basis  for  the  theoretical  equation  of  the  hydraulic 
jump.  This  equation  is  given  in  HDC  112-3.  When  an  end  sill  or  baffle 
piers  are  added  there  is  an  additional  force. in  the  upstream  direction. 

U.  S.  Army  Corps  of  Engineers  EM  1110-2-1603'°'  suggests  that  a  satisfac¬ 
tory  jump  will  occur  for  O^dg  by  the  use  of  an  end  sill  and  baffles 
although  more  shallow  basins  have  been  demonstrated  to  perform  satisfac¬ 
torily  in  the  laboratory. 

2.  If  the  drag  force  of  baffles  is  to  be  estimated,  the  effective 
velocity  against  the  baffle  and  the  drag  coefficient  must  be  known.  The 
drag  coefficient  of  the  isolated  cube  referred  to  in  HDC  712-1  has  been 
estimated  to  be  1.33  based  on  State  University  of  Iowa  air  tunnel  tests. 

The  drag  coefficient  of  a  single  cube  in  open  channel  flow  has  been  com¬ 
puted  to  be  about  1.5. (7)  Tests  at  Massachusetts  Institute  of  Technol¬ 
ogy  (3)  indicate  that  the  drag  coefficient  is  about  0.7  for  a  single  row  of 
stepped  piers  and  about  0.4  for  a  double  row  of  Bluestone  Dam  type  baffle 
piers.(°) 

3.  HDC  112-2/1  can  be  used  as  a  guide  in  selecting  baffle  pier 
height  and  location  as  well  as  in  estimating  the  velocity  in  the  vicinity 
of  the  baffles.  HDC  112-2/1  presents  vertical  velocity  distribution  curves 
in  the  hydraulic  jump  at  x/d2  stations  of  1,  2,  and  3  from  the  toe  of 
the  jump.  The  curves  result  from  experimental  data  by  Rouse'1*''  and  Mahon¬ 
ing  Dam  model  study  tests. (5)  Curves  for  Froude  numbers  of  entering  flow 
of  2,  3>  4,  6,  8,  and  10  are  given.  The  local  velocity  V  is  expressed 
in  terms  of  the  entering  velocity  V!  .  The  distance  y  above  the  floor 
is  in  terms  of  the  depth  downstream  from  the  jump  d2  . 

4.  The  force  exerted  on  the  baffle  piers  and  the  resulting  reduction 
in  total  downstream  pressure  and  momentum  can  be  estimated  by  use  of  HDC 
112-2/1  and  an  estimated  drag  coefficient.  Available  data  indicate  that 
the  pier  spacing  as  well  as  pier  size  and  geometry  has  an  effect  iipon  the 
drag  coefficient.  The  designer  is  also  sometimes  concerned  with  the  fore- 
exerted  on  baffle  piers  by  logs  and  other  debris  passing  through  the  basi.  , 
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HYDRAULIC  DESIGN  CRITERIA 


SHEETS  112-3  TO  112-5 
SPILLWAY  STILLING  BASINS 
SEQUENT  DEPTH  CURVES  FOR  RECTANGULAR  CHANNEL 


1.  The  conventional  hydraulic  jump  equation  is  based  on  the  prin¬ 
ciples  of  conservation  of  momentum  and  continuity  of  flow.  The  equation  is 


where  Dj_  and  Dg  are  sequent  depths  upstream  and  downstream,  respec¬ 
tively,  from  the  jump.  Vq  and  Vg  are  the  corresponding  sequent 
velocities. 

2.  Tables  have  been  published  by  King(3)  and  the  Corps  of 
Engineers(6)  that  give  the  Dg  value  when  the  Dq  and  Vq  values  are 
known. 

3.  A  log-log  graph,  devised  by  E.  W.  Lane(5)  and  published  by  the 
National  Resources  Committee(4),  is  given  as  Chart  112-3.  It  may  be  used 
to  determine  Dg  and  Vg  when  Dq  and  Vq  are  known. 

4.  A  graph  on  Cartesian  coordinates  was  devised  by  Douma(2)  and  re¬ 
published  by  Abbett(l).  This  graph  gives  the  solution  for  Dg  when  D-^ 
and  V-j_  are  known.  The  graph  was  prepared  for  a  range  of  values  of 

10  <  Vq  <  100  in  Chart  112-4  and  of  6  <  Vq  <  40  in  Chart  112-5. 

5.  List  of  References. 

(1)  Abbett,  R.  W.,  American  Civil  Engineering  Practice.  Vol  II,  John 
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Stilling  Basin,  Deschutes  Project,  Oregon.  U.  S.  Bureau  of  Reclama¬ 
tion,  Memorandum  to  Chief  Designing  Engineer,  Denver,  Colo.,  30  June 
1939,  Appendix  .1,  fig.  17-  (Available  on  loan  only) 

(3)  King,  H.  W.,  Handbook  of  Hydraulics.  3d  ed.,  McGraw-Hill  Book  Co., 
Inc.,  New  York,  N.  Y.,  1939 ,  table  133,  p.  444-445. 
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HYDRAULIC  DESIGN  CRITERIA 


SHEET  112-5/1 


SPILLWAY  STILLING  BASINS 


END  SILL 


TAILWATER  REDUCTION 


1.  An  end  sill  is  commonly  used  as  the  terminal  wall  of  a  stilling 
basin.  Where  a  tailwater  deficiency  prevents  satisfactory  hydraulic  jump 
performance  and  accompanying  energy  dissipation,  the  stilling  basin  floor 
is  set  lower  than  the  riverbed  and  an  end  sill  forms  a  step,  or  rise,  to 
the  elevation  of  the  bed  of  the  channel.  Hydraulic  Design  Chart  112-5/1 
can  be  used  to  determine  the  relation  between  the  Froude  number  of  the 
entering  jet,  the  sill  height,  and  the  downstream  depth  required  for 
stabilizing  the  hydraulic  jump  when  baffle  piers  are  not  used. 

2.  The  effects  of  end  sill  height  upon  the  reduction  of  flow  depth 
downstream  from  a  sill  have  been  investigated  experimentally  by  Forster  and 
Skrinde.*  Chart  112-5/1  reproduces  the  data  and  curves  published  by 
Forster  and  Skrinde.  The  ratio  of  the  depth  d3  over  the  end  sill  to  the 
entering  depth  dq  is  plotted  against  the  Froude  number  Fq  of  the 
entering  flow.  The  curves  represent  various  ratios  of  sill  height  to  the 
upstream  depth  h/dq  for  basin  lengths  of  5(h  +  d3).  The  dashed  line 
labeled  h/dq  =0  is  the  theoretical  hydraulic  jump  curve  for  sequent 
depths . 

3.  The  design  criteria  above  apply  to  a  stilling  Dasin  that  requires 
a  vertical  end  sill  or  downstream  channel  invert  sufficiently  high  to  pro¬ 
duce  the  tailwater  required  for  formation  of  the  hydraulic  jump.  The  end 
sill  may  act  as  a  critical-depth  control,  and  flow  into  the  downstream 
channel  may  be  very  turbulent  with  supercritical  velocities.  Excessive 
wave  action,  surges,  and  supercritical  velocities  may  require  tnat  in¬ 
creased  protection  be  provided  for  100  ft  or  more  downstream  of  the  still¬ 
ing  basin  to  prevent  channel  erosion.  Careful  consideration  should  be 
given  to  the  need  for  increased  riprap  protection  downstream  of  the  still¬ 
ing  basin.  In  exireme  cases  lowering  of  the  basin  elevation  and  use  of  a 
standard-type  stilling  basin  may  be  more  economical  than  extensive  riprap 
protection. 


*  J.  W.  Forster  and  R.  A.  Skrinde,  "Control  of  the  hydraulic  jump  by 
sills."  Transactions,  American  Society  of  Civil  Engineers,  vol  115, 
paper  2415  (1950),  pp~973-987. 
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HYDRAULIC  DESIGN  CRITERIA 


SHEETS  112-6  to  112-6/2 
HIGH  OVERFLOW  DAMS 
BUCKET-TYPE  ENERGY  DISSIPATOR 


1.  Bucket-type  energy  dissipators  are  used  where  excessive  tailwater 
depths  prevent  adequate  energy  dissipation  by  means  of  a  hydraulic  jump  on 
a  horizontal  stilling  basin  floor.  HDC  112-6  and  112-6/1  can  be  used  to 
estimate  probable  roller  and  surge  heights  for  preliminary  design  purposes. 

2.  The  design  curves  shown  in  the  charts  were  developed  by  McPherson 
and  Karr1  from  extensive  laboratory  tests  wherein  the  discharge  was  dis¬ 
tributed  uniformly  over  the  bucket.  The  test  data  have  been  omitted  from 
the  charts  in  the  interest  of  clarity.  The  £ata  points  shown  are  from 
Waterways  Experiment  Station  (WES)  studies2"-  and  are  in  reasonably  good 
agreement  with  McPherson's  and  Karr's  curves  for  q  parameters  <  26  x  10-3. 
The  agreement  is  less  satisfactory  for  higher  q  parameters.  The  charts 
are  therefore  not  considered  applicable  for  q  parameter  values 

>  26  x  10“3,  and  the  final  design  for  large  structures  should  be  developed 
by  hydraulic  model  study. 

3.  The  streambed  was  generally  at  the  same  elevation  as  the  bucket 
invert  in  the  McPherson  and  Karr  tests.  In  the  WES  tests,  the  streambed 
elevation  varied  from  bucket-lip  elevation  to  below  the  bucket-invert  ele¬ 
vation.  However,  it  is  believed  that  the  channel -bed  elevation  has  neg¬ 
ligible  effect  on  roller  and  surge  heights. 

4.  The  discharge  parameter  of  the  design  curves  can  be  related  to 
the  Froude  number  of  the  entering  jet  in  the  following  manner: 


q  =  V  d  and  V=F  >/gd 

Then 

q  =  F  d3/2  g1/2 
and 


g1/2\3/2  (l^/d)3/2 

where  F  =  Froude  number  of  entering  jet 

q  =  discharge  per  ft  of  bucket  width,  cfs 


( 
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=  available  energy  head  (pool  to  bucket  invert),  ft 
d  =  depth  of  flow  entering  bucket,  ft 
V  =  velocity  of  flow  entering  bucket,  fps 

5.  HDC  112-6/2  illustrates  application  of  HDC  112-6  and  112-6/1  for 
the  preliminary  design  of  bucket-type  energy  dissipators.  The  sample  com¬ 
putation  is  for  a  specific  spillway  discharge.  The  full  range  of  spillway 
flows  should  be  investigated. 

6.  The  WES  model  data  shown  in  HDC  112-6  indicate  that  good  energy 
dissipation  is  obtained  when  the  bucket  roller  depth  h^  is  between  75  and 
90  percent  of  the  tailwater  depth  hg  .  For  this  condition,  the  surge 
height  is  10?  ,o  130  percent  of  the  tailwater  depth. 
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NOTE’  DESIGN  CURVES  SHOWN  DEVELOPED  BY  McPHERSON 
AND  KARR  FROM  EXPERIMENTAL  DATA  THESE 
DATA  OMITTED  TO  SIMPLIFY  CHART 


RANGES  OF  VARIABLES 


McPHERSON 
AND  KARR 


SPILLWAY  SLOPE  141-167  I 


LIP  ANGLE 

H/h, 

h,/R 

q/^gh,3/2Xl03 


45°  45° 

068-093  >075 

SEE  LEGEND 
SEE  LEGEND 


DEFINITION  SKETCH 


HIGH  OVERFLOW  DAMS 
BUCKET-TYPE  ENERGY  DISSIPATOR 
SURGE  HEIGHT 

HYDRAULIC  DESIGN  CHART  112-6/1 


V  fcMgit-IC*  tXft^lWtwT  STATION  VlCKMUAO 


COMPUTATION  FOR  PRELIMINARY  DESIGN 


3IVEN: 

Discharge  (q)  per  ft  of 
basin  width  =  450  cfs 
Pool  elevation  =  765  ft 
Tailwater  elevation  =  650  ft 
Radius  of  bucket  =  50  ft 
Slope  of  bucket  lip  =  45  deg 
Spillway  slope  =  10:6.1 
Ratio  of  H  to  hj  >0.75 

ASSUME: 

Bucket  invert  elevation  =  550  ft 


POOL. 


COMPUTE: 


1.  h)  =  pool  elevation  -  bucket  invert  elevation 

=  765  -  550  =  215  ft 

2.  h2  =  tailwater  elevation  -  bucket  invert 

elevation 

a  650  -  550  =  100  ft 

3.  h2/hi  =  100/215  -  0.465 

4.  Di  scharge  parameter 

_ g — x  103 .  — fSQ-iiQ3-. 

v^h,3/2  10  v/3^2(215)3/2 

450  x  1Q3 
~  5.68  x  '  l 

=  25 

5.  Ftom  Chart  1 12-6  read  hb/h)  =  0.42 
for  h2/hl  =  0.465  and 


6.  hfc  =  0.42  x  h) 

=  0.42x215  -90  ft 

7.  From  Chert  112-6/1  read  h,/hi  =  0.52  for 
hb/h]  =  0.42  and 

- 3 - x  103  =  25 

\/g  hj 3/2 

8.  h  =  0.52  x  hj 

=  0.52  x  215  =  112  ft 

9.  Compute  hb  and  h,  for  full  range  of 
spillway  flows. 

10.  Determine  maximum  elevation  of  bucket 
roller  and  surge. 


- 3 - x  103  =  25 

y/g  h 1 3/2 


Note:  Good  energy  dissipation  is  indicated  if 
the  roller  height  (hfc)  is  between  75  and 
90  percent  of  the  tailwater  depth  (hj). 


HIGH  OVERFLOW  DAMS 

BUCKET-TYPE  ENERGY  DISSIPATOR 
SAMPLE  COMPUTATION 

HYDRAULIC  DESIGN  CHART  112-6/2 
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HYDRAULIC  DESIGN  CRITERIA 


SHEET  112-7 
HIGH  OVERFLOW  DAMS 
ENERGY  DISSIPATORS 
FLIP  BUCKET  AND  TOE  CURVE  PRESSURES 


1.  Hydraulic  forces  acting  on  high,  overflow  spillway  flip  buckets 
and  toe  curves  are  of  interest  in  the  structural  design  of  these  devices. 
Theoretical  studies  and  model  and  prototype  data  indicate  that  the  bottom 
pressures  change  continuously  throughout  the  curve  and  are  influenced  by 
the  curve  radius,  the  total  head,  and  the  unit  discharge.  It  has  also 
been  shown  that  the  pressures  immediately  upstream  and,  in  the  case  of  the 
toe  curve,  downstream  of  the  curve  are  influenced  by  the  curvature. 
Rouse(3)  illustrates  the  application  of  the  flow  net  solution  to  this 
problem. 

2.  Flip  Buckets.  Approximate  techniques,  including  use  of  the 
centrifugal  force  equation! 2)  and  a  vortex  analogy, 2)  have  been  sug¬ 
gested  for  computing  the  pressures  on  spillway  flip  buckets.  A  recent 
WES  study(^)  using  a  theoretical  approach  similar  to  vortex  analogy  sug¬ 
gested  by  Douma^2'  indicated  that,  for  relatively  high  dams,  bucket  pres¬ 
sures  could  be  expressed  as: 

h  „ 

-£  =  +(- 

^  ^Rn/28  Hj 

where 


h  =  pressure  head  against  boundary,  ft 
P 

Hy  =  total  head  (point  to  energy  gradient),  ft 
q  =  unit  discharge,  cfs 
R  =  radius  of  curve,  ft 

g  =  acceleration  due  to  gravity,  ft  per  sec  per  sec 
a  =  angle  of  rotation  from  beginning  of  curve,  degrees 


c^p  =  total  deflection  angle,  degrees 

The  term  a/o^,  defines  the  relative  position  along  the  curve. 

3«  HDC  112-7  presents  dimensionless  flip  bucket  pressure  curves 
based  on  Pine  Flat \ ^  /  and  Hartwell ( 5 )  model  spillway  data  analyzed  in 
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accordance  with  the  preceding  expression.  Spillway  energy  losses  were  as¬ 
sumed  negligible  in  the  analysis.  The  plotted  data  for  a/osp  from  0.25 
to  0.75  indicate  that  the  pressure  in  the  middle  portion  of  the  bucket  is 
nearly  constant.  Therefore,  the  pressure  distribution  through  the  bucket 
can  be  adequately  defined  by  the  four  curves  shown  in  the  chart.  The  curve 
for  a/aj  =  1.0  coincides  with  the  axis  of  the  chart  ordinates  since  the 
pressure  on  the  lower  nappe  of  the  jet  leaving  the  bucket  is  atmospheric. 
The  Pine  Flat (6 )  prototype  data  plotted  on  the  chart  indicate  satisfactory 
correlation  with  the  model  data.  Allowances  were  made  for  spillway  energy 
losses  in  computing  the  total  head  for  the  prototype  data. 

4.  Toe  Curves.  The  available  datav  '  from  model  tests  conducted 
under  the  Corps  of  Engineers  Engineering  Studies  Item  801  which  are  plotted 
in  HDC  112-7  indicate  that  for  a  high  dam  the  flip  bucket  pressure  dis¬ 
tribution  curves  generally  apply  to  spillway  toe  curves.  However,  the  data 
show  that  the  pressure  at  the  end  of  the  toe  curve  approximates  that  at  the 
beginning  of  the  curve  if  the  toe  curve  is  not  submerged. 


5-  HDC  112-7  can  be  used  to  estimate  the  pressure  distribution  on 
spillway  flip  buckets  or  toe  curves  associated  with  high  overflow  dams. 
However,  for  design  purposes,  allowance  for  spillway  energy  losses  should 
be  included  in  the  computations  of  Hj  required  for  use  of  the  chart. 

The  user  is  cautioned  that  the  curves  are  not  applicable  to  toe  curves  af¬ 
fected  by  submergence. 
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NOTE  NUMBERS  ARE  VALUES 

or  (a./ocT)x  io2  for 

DATA  POINTS 


0  0  40  0.50  0  SO  070 


DEFINITION  SKETCH 


LEGEND 

5  PINE  FLAT  MODEL 
X  HARTWELL  MODEL 
A  PINE  FLAT  PROTOTYPE 
D  ES  601  (TOE  CURVE) 


HIGH  OVERFLOW  DAMS 

ENERGY  DISSIPATORS 

FLIP  BUCKET  AND  TOE  CURVE  PRESSURES 

HYDRAULIC  DESIGN  CHART  112-7 
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HYDRAULIC  DESIGN  CRITERIA 
SHEET  112-8 
HIGH  OVERFLOW  DAMS 
ENERGY  DISSIPATORS 
FLIP  BUCKET  THROW  DISTANCE 


1.  For  economy,  flip  bucket  or  ski- jump  energy  dissipators  are  some¬ 
times  used  when  spray  from  the  jet  can  be  tolerated  and  erosion  by  the 
plunging  jet  will  not  be  a  problem.  Flip  buckets  have  caused  trouble  in 
climates  where  spray  from  the  jet  resulted  in  icing  of  nearby  roadways  or 
electrical  equipment.  The  major  amount  of  energy  dissipation  occurs  in 
the  region  where  the  jet  plungeo  j.nto  the  tailwater;  a  minor  amount  occurs 
as  the  jet  frays  after  leaving  the  bucket. 

2.  Factors  affecting  the  horizontal  throw  distance  from  the  bucket 
lip  to  point  of  jet  impact  are  the  initial  velocity  of  the  jet,  the  bucket 
lip  angle,  and  the  difference  in  elevation  between  the  lip  and  the 
tailwater . 

3.  HDC  112-8  presents  throw-distance  curves  for  lip  angles  of  0  to 
45  degrees .  The  horizontal  throw  distance  X  and  the  vertical  drop  from 
the  bucket  lip  to  tailwater  Y  are  expressed  in  terms  of  the  jet  velocity 
head  Hv  .  The  following  expression  based  on  the  theoretical  equations  for 
trajectories  was  used  for  developing  the  curves: 

x/Hy  =  sin  20  +  2  cos  0  vTsin^  0  +  Y/Hy 

where 

X  =  throw  distance ,  ft 

Y  =  vertical  drop  from  lip  to  tailwater  surface,  ft 

Hv  =  velocity  head  of  jet  at  bucket  lip,  ft 

0  =  bucket  lip  angle,  deg 

4.  HDC  112-8  is  a  guide  for  judging  the  point  of  impact  of  the  jet. 
The  throw  distance  may  be  substantially  less  than  indicated,  depending  upon 
spillway  energy  losses .  Prototype  measurements  of  spillway  energy  losses 
are  needed  to  permit  a  comparison  of  theoretical  and  actual  throw  distances. 
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EQUATION 

~~  =  SIN  26  ♦  2  COS  e  /^e  ♦  ~ 
WHERE 

X  =  THROW  DISTANCE,  FT 
6  =  BUCKET  UP  ANGLE 
Hvc  VILOCITY  HEAD  AT  BUCKET 
UP,  FT 

Y  =  VERTICAL  DROP  FROM  LIP  TO 
TAILWATER  SURFACE,  FT 


HIGH  OVERFLOW  DAMS 

ENERGY  DISSIPATORS 
FLIP  BUCKET  THROW  DISTANCE 

HYDRAULIC  DESIGN  CHART  H2“6 
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HYDRAULIC  DESIGN  CRITERIA 


SHEET  122-1 
LOW  OGEE  CREST 
DISCHARGE  COEFFICIENTS 
APPROACH  DEPTH  EFFECTS 


1.  Bureau  of  Reclamation  (USBR)  Tests.  Figure  15B  of  the  USBR 
Boulder  Canyon  report*  shows  the  relation  between  discharge  coefficient 
C  and  the  ratio  of  head  to  height  of  crest.  As  the  coefficients  are 
derived  from  the  tests  of  a  sharp-crested  weir,  the  shape  of  the  lower 
surface  varies  as  the  velocity  of  the  approach  flow  is  varied. 

2.  WES  Tests ■  Tests  at  the  WES  to  determine  approach  depth  effects 
on  discharge  coefficients  were  conducted  with  a  standard  crest  based  on  a 
design  head  of  O.75  ft.  The  velocity  of  the  approach  flow  was  varied  by 
raising  or  lowering  the  false  floor  in  the  model  which  simulated  the  bottom 
of  the  approach  channel.  Negative  pressures  were  found  on  the  crest  at  the 
higher  velocities  of  approach  flow  and  the  resulting  coefficients  are 
higher  than  the  corresponding  USBR  coefficients  based  on  sharp-crested 
weir  flows.  The  portions  of  the  curves  for  values  of  He/Hfj[  >  0.5  in  HDC 
122-1  represent  the  WES  test  data.  The  basis  of  the  portions  of  the  curves 
for  He/Ha  <0.5  is  the  prototype  data  plotted  in  HDC  111-3*  The  curve  for 
P/H^  =  1.33  is  identical  with  the  curve  for  high  overflow  dams  shown  in 
HDC  111-3.  The  curves  of  P/Hd  versus  C  at  the  top  of  HDC  122-1  are  in¬ 
cluded  to  facilitate  interpolation  between  the  three  basic  curves. 

3.  The  purpose  of  HDC  122-1  is  to  show  the  effects  of  approach  depth 
on  the  discharge  coefficient  for  the  standard  spillway  shape  shown  in  HDC 
111-1  to  111-2/1. 


*  U.  S.  Bureau  of  Reclamation,  Studies  of  Crests  for  Overfall  Dams  , 

Boulder  Canyon  Project.  Final  Reports,  Part  VI-Hydraulic  Investigations, 
Bulletin  3;  Denver,  Colo.,  1948. 
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NOTE  H#- ENERGY  HEAD  ON  CREST,  FT 
Hd  •  DESIGN  HEAD  ON  CREST,  FT 
C  •DISCHARGE  COEFFICIENT 
Q  *  DISCHARGE,  CFS 
L  -NET  LENGTH  OF  CREST, FT 
P  «  HEIGHT  OF  CREST  ABOVE 
APPROACH  CHANNEL,FT 


LOW  OGEE  CREST 
DISCHARGE  COEFFICIENTS 
APPROACH  DEPTH  EFFECTS 

(  hydraulic  DESIGN  CHART  122-1 
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HYDRAULIC  DESIGN  CRITERIA 
SHEET  122-1/1 
SPILLWAY  CREST 

LOW  OGEE  CREST  DISCHARGE  COEFFICIENTS 


1.  Purpose.  Hydraulic  Design  Chart  122-l/l  may  be  used  for 
preliminary  economic  studies  in  which  a  number  of  crest  lengths  and 
heights  are  to  be  investigated.  This  chart  shows  tne  effects  of  spill¬ 
way  approach  depth  and  apron  elevation  on  the  discharge  coefficient  for 
He  =  Hd. 


2.  Basic  Data.  The  basic  data  resulting  in  the  curve  shown  on 
Chart  122-l/l  were  obtained  from  tests  made  on  the  standard  crest  shape 
at  the  Waterways  Experiment  Station  under  CW  801,  "General  Spillway 
Investigations."  Approach  depths  of  0.2  to  1.33  Hd  and  apron  heights 
of  0.13  to  1.0  %  were  used  in  the  investigation.  Toe  curve  radii  of 
0.0,  0.5,  and  1.0  Hd  were  studied. 

3.  Discharge  coefficients  were  determined  first  for  various  ap¬ 
proach  depths  with  the  apron  low  and  then  for  various  apron  elevations 
with  the  approach  floor  low  for  the  crest  shape  shown.  The  ratios  of 
the  coefficients  for  different  approach  depths  to  the  coefficient  for  an 
approach  depth  of  1.33  Hd  were  computed.  These  ratios  were  multiplied 
by  the  discharge  coefficients  for  numerous  apron  elevations  to  estimate 
coefficients  reflecting  the  combined  effect  of  approach  depths  and  apron 
heights. 


4.  Adequacy  of  Curve.  The  curve  shown  on  Chart  122-1/1  is  be¬ 
lieved  to  be  the  best  estimate  of  a  coefficient  for  low  ogee  crests  that 
can  be  made  until  test  data  become  available  for  actual  combinations  of 
shallow  approach  depths  and  high  apron  elevations. 
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HYDRAULIC  DESIGN  CRITERIA 


SHEET  122-1/2 
OVERFLOW  SPILLWAYS 
DISCHARGE  COEFFICIENTS 
DESIGN  HEAD 


1.  Purpose.  Hydraulic  Design  Chart  122-1/2  can  be  used  for  se¬ 
lecting  the  spillway  design  head  for  upstream  spillway  face  slope  and 
approach  depth  conditions  not  covered  by  other  Hydraulic  Design  Criteria 
charts.  The  chart,  used  in  conjunction  with  the  USBR1  extensive  tables 
of  lower  and  upper  nappe  surface  coordinate  data  for  weirs  sloping  down¬ 
stream  and  for  vertical  weirs,  should  permit  optimization  of  snillway 
crest  shape  design  for  free  overfall  spillways  having  upstream  face  slope 
ratios  from  3V  on  12H  to  vertical  and  approach  depths  from  0.15  to  10 
times  the  design  head  (H^)  . 

2.  Background.  The  USBR  tests  were  made  in  a  2-ft-wide,  9-ft- 
deep  rectangular  flume.  Approach  depths  varied  from  less  than  0.1  ft 
to  5  ft.  Heads  on  the  sharp-crested  weirs  ranged  from  about  0.1  to 
1.0  ft.  Discharge  coefficients  have  been  converted  into  values  appli¬ 
cable  to  heads  on  the  rounded  crest.  USBR  coordinates  of  the  upper  and 
lower  nappes  of  the  weir  overflow  are  in  terms  of  the  head  on  the  sharp - 
crested  weir.  Comparable  presentations  of  Bazin's2  data  for  weirs  slop¬ 
ing  downstream  (3V  on  6H  and  3V  on  12H)  are  also  included  on  the  chart 
and  in  the  USBR  tabulation.  A  plot  of  the  WES  experimental  data  (Chart 
122-1)  for  H/Ha  =  1  and  P/H^  =  0.3  to  1  is  included  for  comparison. 
The  WES  discharge  coefficients  for  rounded  crests  have  consistently  l . _n 
about  3  percent  higher  than  comparable  USBR  coefficients  for  sharp- 
crested  weirs  (HDC  122-4).  The  use  of  the  USBR  coefficients  for  the  de¬ 
sign  of  unmodeled  spillways  should  result  in  conservative  design. 

3.  Application.  The  spillway  design  flow  Qa  is  computed  using 
an  appropriate  coefficient  from  Chart  122-1/2  and  pier  and  abutment  con¬ 
traction  coefficients  from  other  applicable  charts  (see  Charts  111 -3 A » 
111-3/2,  111-5,  116-6,  and  122-2).  The  spillway  design  head  H^  and  the 
computed  design  discharge  are  then  used  with  Chart  111-3/3  to  de¬ 
velop  a  spillway  rating  curve  for  uncontrolled  flow  as  described  in 
paragraph  5a  of  Sheet  111-3/3. 

4.  References. 
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HYDRAULIC  DESIGN  CRITERIA 
SHEET  122-2 
LOW  OGEE  CRESTS 
PIER  CONTRACTION  COEFFICIENTS 


1.  The  data  shown  on  Hydraulic  Design  Chart  122-2  were  derived 
from  the  same  series  of  CW  801  tests  which  are  represented  on  Charts 
111-5  &nd  111-6.  The  general  remarks  on  Sheets  111-5  and  111-6  are 
equally  applicable  to  the  accompanying  chart.  The  purpose  of  Chart 
122-2  is  to  show  the  effect  of  velocity  head  of  approach  upon  the  pier 
contraction  coefficient.  The  elevation  of  the  approach  floor  was  varied 
to  produce  various  approach  velocities  with  the  type  2  pier.  The  effect 
of  the  approach  depth  on  the  coefficient  for  other  pier  types  has  not 
been  determined.  In  the  absence  of  adequate  experimental  data,  pier 
contraction  coefficients  for  types  1,  3>  and  4  piers  may  be  obtained  by 
proportioning  from  Chart  111-5- 


( 
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HYDRAULIC  DESIGN  CRITERIA 


SHEETS  122-3  to  122-3/5 
LOW  OGEE  CRESTS 
CREST  SHAPE 

45-DEGREE  UPSTREAM  SLOPE 


1.  General .  The  upstream  face  of  low,  ogee  spillway  crests  sub¬ 
jected  to  high  heads  are  often  sloped  for  structural  stability.  Coordi¬ 
nates  of  the  lower  nappe  profile  for  sharp-crested  weirs  sloping  45  degrees 
downstream  and  various  approach  depths  have  been  determined  and  published 
by  the  USBR A 1)  The  published  coordinates  are  in  terms  of  the  head  on  the 
sharp-crested  weir. 


2.  For  low,  ogee  crests,  the  head  is  defined  as  the  total  energy 
head  upstream  from  tne  spillway  crest,  and  the  approach  depth  as  the 
height  of  the  spillway  crest  above  the  approach  channel  bottom.  For  con¬ 
venience  of  design,  the  shape  downstream  from  the  apex  of  the  crest  is 
considered  separately  from  the  shape  upstream.  The  USBRv  2 )  has  published 
curves  for  determining  the  location  of  the  apex  of  the  crest,  and  for 
selecting  coefficients  and  powers  applicable  to  the  general  downstream- 
quadrant  crest  shape  equation  of  a  somewhat  different  form  from  that  used 
by  the  Corps  of  Engineers. 


r =  K 

Hd 


X_ 

Hd 


n 


USBR  form 


Corps  of  Engineers  form 


The  published  curves  have  been  confirmed  by  an  independent  WES  study  of 
the  USBR  data  for  weirs  sloping  45  degrees  downstream. 

3*  Preferred  Shapes.  HDC  122-3  shows  the  relation  between  the 
approach  depth  P  and  the  approach  velocity  head  ha  in  terms  of  the 
design  head  Hd  based  on  the  USBR  data  A1)  The  increments  of  ha/Hd  used 
in  the  original  study  were  fairly  close  together,  although  the  actual  shape 
change  is  not  great  until  the  velocity  of  the  approach  flow  becomes  sub¬ 
stantial.  Three  preferred  shapes  which  would  be  considered  reasonable  for 
a  range  of  ha/Hd,  and  their  corresponding  values  of  p/Hd  are  indicated  in 
HDC  122-3.  These  three  selected  crest  shapes  are  suggested  for  projects 
subject  to  model  testing  to  provide  information  systematically  and  economi¬ 
cally  on  pressure  characteristics  and  discharge  coefficients.  For  cases  in 
which  model  studies  are  not  contemplated,  use  of  the  published  USBR 
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data^1^  for  crest  shape  design  may  be  desirable  pending  model  confirmation 
of  the  preferred  shapes . 

4.  Downstream  Quadrant  Shape.  HDC  122-3/1  presents  the  published 
USBR  curves  for  the  coefficient  K  and  exponent  n  of  the  downstream- 
quadrant  shape  equation.  The  curves  are  applicable  to  approach  velocity 
head-design  head  ratios  hg/H^  of  0.00  to  0.20.  The  USBR  curves  of  Xe/% 
and  Yg/%  for  locating  the  apex  of  the  crest  are  also  given  in  the  chart. 
Downstream  quadrant  equations  for  spillways  having  approach  velocity  head- 
design  head  ratios  of  0.08  and  0.12  are  given  in  HDC  122-3/2  and  122-3/3, 
respectively.  The  condition  of  ha/H^  =  0.00  is  presented  in  HDC  111-9 • 

The  coefficients  in  the  equations  given  in  these  charts  as  noted  in  para¬ 
graph  2  are  reciprocals  of  those  given  in  HDC  122-3/1.  Tables  of  the 
functions  required  in  the  evaluation  of  the  equations  are  not  available 
elsewhere;  consequently,  they  are  included  in  the  charts  to  assist  the 
designer  in  computing  the  required  coordinates.  Tabulations  of  the  slope 
of  the  downstream  quadrant  shape  are  also  included  in  the  charts  to 
facilitate  location  of  the  beginning  of  the  toe  curve  or  the  tangent 
section. 

5.  Upstream  Quadrant  Shape .  Upstream  quadrant  shapes  have  frequently 
been  defined  by  circular  arcs  fitted  to  the  experimental  data.  This  pro¬ 
cedure  usually  results  in  a  surface  of  discontinuity  where  the  curved  crest 
meets  the  sloping  upstream  face.  The  possible  effects  of  this  surface  of 
discontinuity  are  discussed  in  paragraph  4  of  HDC  Sheets  111-1  to  lll-2/l. 
The  WES  has  derived  upstream  quadrant  equations  based  on  the  USBRv  basic 
data  for  45-degree  downstream  sloping  weirs.  HDC  122-3/4  gives  the  general 
form  of  the  equation  in  terms  of  the  sharp-crested  weir.  Curves  of  the 
coefficients  and  the  exponents  required  for  evaluation  of  the  equation  are 
given  in  this  chart  and  in  HDC  122-3/1.  The  curves  are  applicable  to 
approach  velocity  head-design  head  ratios  hg/H^  of  0.00  to  0.20.  Upstream 
quadrant  shapes  based  on  these  curves  should  satisfy  the  crest  location 
criteria  given  in  HDC  122-3/1,  result  in  zero  slope  at  the  spillway  crest, 
minimize  the  discontinuity  at  the  45-degree  upstream  face,  and  result  in 
good  agreement  with  the  experimental  data. 

6.  The  solution  of  the  equation  in  HDC  122-3/4  gives  coordinates 
in  terms  of  the  sharp-crested  weir.  Transfer  of  the  coordinate  origin  to 
the  spillway  crest  and  the  reference  head  to  the  design  head  results  in 
the  cumbersome  general  equation  shown  in  HDC  122-3/5*  Upstream  quadrant 
coordinates  referenced  to  the  crest  apex  and  design  head  are  tabulated 

in  this  chart  for  hg/H^  values  of  0.08  and  0.12  to  simplify  the  design 
procedure . 

7«  The  crest  shapes  defined  in  HDC  122-3  to  122-3/5  have  not  been 
tested  in  the  laboratory  for  determination  of  pressures  and  discharge 
coefficients . 
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A.  CONSTANTS  OF  DOWNSTREAM  QUADRANT  EQUATIONS 


NOTE  CURVES  REPRODUCED  FROM 

FIGURE  1ST,  DESIGN  OF  SMALL 
DAMS.  USSR,  I960. 
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LOW  OGEE  CRESTS 
45-DEGREE  UPSTREAM  SLOPE 
CREST  SHAPE  FACTORS 

HYDRAULIC  DESIGN  CHART  122-3/1 
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NOTE-  EQUATION  BASED  ON  USSR 
CURVES,  HOC  122-3/1 


DOWNSTREAM  QUADRANT  DAT  SLOPE  DATA 
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NOTES:  I  CURVES  BASED  ON  USBR  DATA 
IN  BOULOER  CANYON  REPORT, 
BULLETIN  3.  PART  21,1948,  AND 
ON  USBR  CURVES  ON  HYDRAULIC 
DESIGN  CHART  122-3/1 

2.H  IS  THE  SAME  IN  BOTH  UPSTREAM 
AND  DOWNSTREAM  QUADRANT 
EQUATIONS 


/ORIGIN  OF 
\  COORDINATES 


-CREST  AXIS 


-  SHARP-CRESTED  WEIR 


DEFINITION  SKETCH 


LOW  OGEE  CRESTS 

45- DEGREE  UPSTREAM  SLOPE 
UPSTREAM  QUADRANT  FACTORS 

HYDRAULIC  DESIGN  CHART  12 2  -3/4 


KUSIWIWI 


WES  1-64 


HYDRAULIC  DESIGN  CRITERIA 


SHEETS  122-3/9  TO  122-3/10 
LOW  OGEE  CRESTS 
WATER-SURFACE  PROFILES 
45-DEGREE  UPSTREAM  SLOPE 


1.  The  shapes  of  the  upper  nappe  profiles  for  low,  ogee  crests  are 
required  for  the  design  of  spillway  abutment  and  pier  heights  and  for  the 
selection  of  trunnion  elevations  for  tainter  gates.  Coordinates  for  the 
upper  nappe  profile  for  sharp-crested  weirs  sloping  45  degrees  downstream 
have  been  determined  and  published  by  the  USBR.*  The  published  coordinates 
apply,  in  a  strict  sense,  only  to  the  unsupported  free-falling  jet.  When 
the  jet  is  supported,  the  development  of  the  turbulent  boundary  layer  will 
influence  the  thickness  of  the  jet.  The  jet  thickness  will  also  be  affected 
if  the  beginning  of  the  toe  curve  or  the  tangent  chute  is  close  to  the 
crest.  However,  the  published  data  can  be  used  for  estimating  the  water- 
surface  profile  in  the  vicinity  of  the  spillway  crest  for  the  design. 

2.  For  low,  ogee  crests,  the  head  is  defined  as, the  total  energy 
head  upstream  from  the  spillway  crest,  and  the  approach  depth  as  the  height 
of  the  spillway  crest  above  the  approach  channel  invert.  HDC  122-3/9  shows 
the  relation  between  the  design  head-approach  channel  depth  ratio 

/  ha  \ 

and  the  approach  velocity  parameter  (  )  used  by  the  USBR.  This 

chart  can  be  used  in  conjunction  with  HDC  122-3  and  122-3/1  for  selection 
of  the  most  appropriate  upper  nappe  profile  coordinates  from  the  published 
data. 


H, 


pw  + 


3.  The  published  data  are  in  the  terms  of  the  head  on  the  sharp- 
crested  weir  with  the  origin  of  the  data  at  the  weir  crest.  For  design 
purposes,  coordinates  are  expressed  in  terms  of  the  head  on  the  crest  with 
their  origin  at  the  crest  apex.  The  necessary  conversion  can  be  accom¬ 
plished  using  the  relation  between  the  weir  head  and  the  design  head 


and  the  values  of  Xe/H^  and  Ye/Hd  given  in  HDC  122-3/1.  HDC  122-3/10 
illustrates  the  computations  required  for  this  conversion. 


*  U.  S.  Bureau  of  Reclamation,  Studies  of  Crests  for  Overfall  Dams , 

Boulder  Canyon  Project.  Final  Reports,  Part  VI -Hydraulic  Investigations, 
Bulletin  3>  Denver,  Colo.,  1948. 
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NOTE  DATA  FROM  TABLE  8, BOULDER  CANYON 
REPORT. BULLETIN  3. USSR. 1948 


LOW  OGEE  CRESTS 
45- DEGREE  UPSTREAM  SLOPE 
APPROACH  VELOCITY 

HYORAULIC  DESIGN  CHART  122-3/9 
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U.  S.  ARMY  ENGINEER  WATERWAYS  EXPERIMENT  STATION 
COMPUTATION  SHEET 


JOB: 


ES  804 


COMPUTATION 
COMPUTED  BY: 


PROJECT: 


John  Doe  Pom 


SUBJECT: 


Soitlwov 


Upper  Woter  Surface  Profile 


RGC 


DATE:  1/6/64 


CHECKED  BY:  MBB 


DATE:  1/10/64 


GIVEN-. 

Spillway  Crest 


Hd  «  20  ft 


P/H 

h/H 

a 

REQUIRED: 


d  «  0.74 j 

d  n  0.08 J 


HDC  122-3 


Coordinates  (or  upper  nappe  profile  (or  design  head  (H d), 
origin  at  crest  apex. 

COMPUTE: 


1.  Required  relationships 

Y^/Hj  »  0.042  (HDC  122-3/1) 
X/H< 

ha/Hw  »  0.076  (HDC  122-3/9) 

Hw  o  Hd  +  Ye  (Definition  sketch) 
H  Y 

1  +  — =  1  +0.042  .  1.042 


H. 


X_ 

H. 


1.042 —  (Origin  at  sharp  crest) 
H 


1.042  —  -  —  =  1.042  — -  +  (Origin  at  crest 


H  H 


Hw  Hd  apex) 


Hj 


♦From  Table  21,  p.  80,  Boulder  Canyon  report,  Bulletin  3,  USBR,  1948 
♦♦From  Table  21,  cited  above,  interpolated  (or  h  /H  =  0.076 


2. 

Coordinates -Upper  water-surface  profile 

Origin  at  Weir  Crest 

Origin  at  Crest  Ap 

ex 

(1) 

(2) 

(3) 

(4) 

(5) 

(6) 

(7) 

(8) 

X/H* 

W 

Y/H** 

W 

X/Hd 

Y/Hd 

X/Hd 

Y/Hd 

X 

Y 

(1.042x(1)) 

(1.042  x  (2)) 

((3) -0.195)) 

((4) +  0.042)) 

(ft) 

(ft) 

-4.00 

-0,910 

-4.168 

-0.948 

-4.363 

-0.906 

-87.26 

-18.12 

-3.00 

-0.906 

-3.126 

-0.944 

-3.321 

-0.902 

-66.42 

-  18.04 

-2.00 

-0.899 

-2.084 

-0.937 

-2.279 

-0.895 

-45.58 

-  17.90 

-1.00 

-0.881 

-1.042 

-0.918 

-1.237 

-0.876 

-24.74 

-17.52 

0.00 

-0.760 

0.000 

-0.792 

-0.195 

-0.750 

-3.90 

-15.00 

0.50 

-0.580 

0.521 

-0.604 

0.326 

-0.562 

6.52 

-11.24 

1.00 

-0.257 

1.042 

-0.268 

0.847 

-0.226 

16.94 

-4.52 

1.50 

0.247 

1.563 

0.257 

1.368 

0.299 

27.36 

5.98 

2.00 

0.931 

2.084 

0.970 

1.889 

1.012 

37.78 

20.24 

LOW  OGEE  CRESTS 

45-  DEGREE  UPSTREAM  SLOPE 
UPPER  WATER- SURFACE  PROFILE 
SAMPLE  COMPUTATION 
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HYDRAULIC  DESIGN  CRITERIA 


SHEET  122-4 
LOW  OGEE  CRESTS 

DESIGN  HEAD  DISCHARGE  COEFFICIENT 
45-DEGREE  UPSTREAM  FACE 


1.  Discharge  coefficients  for  low  spillways  with  45-deg  upstream 
faces  have  not  been  subjected  to  general  laboratory  investigation.  How¬ 
ever,  the  Bureau  of  Reclamation  (USER)1  has  published  discharge  coefficient 
data  for  sharp-crested  weirs  and  the  Waterways  Experiment  Station  (WES)  has 
done  extensive  testing  on  the  ogee  crest  shape  defined  in  HDC  111-1  to 
lll-2/l.  The  WES  discharge  coefficient  data  presented  in  HDC  122-1  and  the 
USER  data  were  used  as  a  basis  for  the  discharge  coefficient  curve  defined 
by  the  dashed  line  in  HDC  122-4.  This  curve  should  serve  for  preliminary 
design  purposes  and  be  helpful  in  studying  the  economics  of  low  crests  with 
45-deg  upstream  faces.  The  discharge  coefficient  for  design  head  is  plotted 
as  a  function  of  the  approach  depth-design  head  ratio  in  the  chart.  The 
sharp  flexure  in  the  curve  at  a  P/H3  of  about  0.4  indicates  that  the  co¬ 
efficient  reduces  rapidly  for  lower  crest  heights.  The  estimated  values 
should  not  be  considered  applicable  for  crests  with  toe  curves  set  high 
enough  to  increase  the  pressure  cn  the  crest  and  produce  a  submerged 
effect. 


2.  Study  of  the  WES  and  USBR  data  indicates  that  the  crest  shape 
defined  in  HDC  111-1  to  111-2/i  is  about  3  percent  more  efficient  than  the 
comparable  sharp-crested  weir.  This  factor  was  applied  to  the  USBR  data 
for  a  45-deg  sloping  weir  to  obtain  the  suggested  design  curve  shown  in 
HDC  122-4. 


3.  Available  literature  indicates  that  the  geometry  of  spillway 
crests  with  45-deg  upstream  faces  does  not  usually  conform  to  the  theoreti¬ 
cal  lower- nappe  profile  of  the  free  jet.  In  most  cases  that  were  model- 
tested,  abnormal  approach-  and  exit-channel  conditions  existed  which 
affected  the  spillway  discharge.  The  Proctor  Dam2  type  3  spillway  crest 
shape  closely  approximates  the  theoretical  shapes  for  approach  depth-design 
head  ratios  of  0,50  and  O.76.  The  model  data  indicate  that  the  design  head 
discharge  coefficients  were  not  affected  by  exit-channel  tailwater.  These 
coefficients  are  plotted  in  HDC  122-4  and  appear  to  generally  confirm  the 
usefulness  of  the  suggested  design  curve.  The  USBR  coefficient  curves  for 
sharp-crested  weirs  with  vertical  and  45-deg  sloping  faces  and  the  WES 
curve  for  the  crest  shape  defined  in  HDC  111-1  to  lll-2/l  are  also  shown 
for  comparison. 

4.  References. 

(l)  U.  S.  Bureau  of  Reclamation,  Studies  of  Crests  for  Overfall  Dams, 

Boulder  Canyon  Project.  Final  Reports,  Part  VI-Hydraulic  Investiga¬ 
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(2)  U.  S.  Army  Engineer  Waterways  Experiment  Station,  CE,  Spillway  for 
Proctor  Dam,  Leon  River,  Texas;  Hydraulic  Model  Investigation,  by 
E.  S.  Melsheimer  and  T.E.  Murphy.  Technical  Report  No  7  2-645, 
Vicksburg,  Miss.,  March  1964 . 
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1  BOULDER  CANYON  REPORT,  FIG  15, BULLETIN  3,USBR,I948 
^BOULDER  CANYON  REPORT,  FIG  2lb,8ULLETIN  3, USSR,  1946 
•’HOC  122-1 ,  WES,  REV  1-64 
*  WES  ESTIMATE 
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HYDRAULIC  DESIGN  CRITERIA 


SHEET  122-5 
LOW  OGEE  CRESTS 
TOE  CURVE  PRESSURES 


1.  Purpose.  Experimental  laboratory  data  indicate  that  toe  cu 've 
pressures  for  low  ogee  crests  are  approximately  a  maximum  from  the  third 
point  to  the  end  of  the  toe  curve.  Analytical  and  flow  net  studies  further 
indicate  that  the  toe  curve  affects  the  boundary  pressure  immediately  up¬ 
stream  and  downstream  from  the  curve.  The  relatively  high  pressure  at  the 
end  of  the  curve  may  be  transmitted  to  the  underside  of  the  chute  slabs 
immediately  downstream.  Also,  for  low  ogee  crests  the  toe  curve  may  have  a 
submergence  effect  upon  the  flow  over  the  crest.  Therefore,  estimates  of 
boundary  pressure  relating  to  toe  curves  may  be  useful  in  studies  of  the 
structural  design  of  the  curve,  the  stability  of  the  slabs  immediately 
downstream,  and  the  capacity  of  the  spillway.  HDC  122-5  can  be  used  as 

a  guide  in  estimating  the  pressure  distribution  on  toe  curves  for  low 
ogee  spillways. 

2.  Design  Criteria.  The  results  of  a  Waterways  Experiment  Station 
(WES)1  semiempirical  study  on  flip  bucket  and  toe  curve  pressures  for  high 
overflow  spillways  have  been  published  and  are  summarized  in  HDC  112-7. 

The  study  included  analysis  of  data  from  five  hydraulic  model  investiga¬ 
tions  of  low  ogee  spillways  (Gavins  Point,2  Dickinson, 3  Fresno,^  Bonny, 5 
and  Keyhole^  Dams).  The  parameters  defined  in  HDC  112-7  were  used  in  the 
analysis.  Reasonable  correlation  of  the  data  for  ratios  of  toe  curve 
radius-total  head  R/Hp  <  1.0  was  obtained  as  shown  in  HDC  122-5.  The 
curves  in  the  chart  are  based  on  HDC  112-7.  For  R/tij  ratios  >1.0,  the 
dimensionless  pressure  term  can  be  expressed  as  hp/typ  +  A(hp/lir[.)  where 
hp/%  is  the  value  of  the  pressure  parameter  from  HDC  122-5  and  A(hp/Up) 
is  an  additive  value  from  the  insert  graph  in  the  chart.  Revision  of  the 
curves  in  this  chart  may  be  desirable  as  additional  data  become  available. 

3.  Application.  The  values  of  the  parameters  q/R  \/2gHip  ,  a/oVj,  , 
and  R/Hrp  are  computed  for  the  design  or  maximum  flow  as  the  case  may  be. 
The  notation  is  defined  in  HDC  112-7  and  in  the  definition  sketch  in  HDC 
122-5.  The  values  of  hp/Up  for  a/ay  of  0.0  and  0.25  to  1.00  are  read 
directly  from  the  chart  if  R/^Lp  <  1.0  .  Values  of  A(hp/Hp)  from  the 
chart  insert  should  be  added  to  the  values  read  from  the  chart  proper  if 
R/Up  >  1.0  .  The  pressure  upstream  and  downstream  from  the  toe  curve  re¬ 
duces  rapidly  to  the  normal  hydrostatic  pressure  and  can  be  evaluated  by  a 
flow  net  or  model  study.  However,  an  estimate  of  these  pressures  can  be 
obtained  by  graphical  extrapolation  of  the  pressure  pattern  of  the  toe 
curve . 
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HYDRAULIC  DESIGN  CRITERIA 


SHEET  123-2  TO  123-6 
SPILLWAY  CHUTES 
ENERGY  -  DEPTH  CURVES 


1.  General.  The  design  procedure  to  determine  the  water-surface 
profile  in  a  spillway  chute  often  employs  the  step  method  of  computation. 
The  curve  can  be  solved  by  use  of  the  varied  flow  function.  The  method 
devised  by  BakhmeteffW  is  preferred  by  some  engineers  and  the  type  of 
profile  is  classified  as  the  Si  curve.  However,  when  the  step  method  is 
employed,  a  trial-and-error  procedure  is  normally  used  to  resolve  the 
total  energy  into  depth  ard  velocity  head  from  the  equation: 


2g 


where  E  is  the  energy  in  feet  and  is  the  difference  between  the  energy 
gradient  and  the  bottom  of  the  chute,  d  is  the  depth  of  flow  and  V2/2g  is 
the  velocity  head. 

i  2.  Energy- depth  Curves.  A  graph  with  energy  and  depth  as  ordinates 

and  a  family  of  curves  representing  various  rates  of  flow  per  unit  width 
(q)  greatly  facilitates  the  step  method.  This  type  of  graph  is  not  new. 

3.  Sample  Computation.  The  sample  computation  chart  (123-6)  is 
included  only  to  demonstrate  the  application  of  the  energy-depth  curves. 
Many  different  arrangements  of  the  computation  form  have  been  used.  The 
sample  computation  is  carried  to  one-hundredths  of  a  foot  to  indicate  that 
the  last  significant  figure  can  be  estimated  from  the  energy-depth  curve. 
The  starting  station  of  the  water- surface  profile  is  commonly  taken  to 
be  the  tangent  point  of  the  chute  to  the  ogee.  If  one  assumes  no  energy 
loss  between  the  reservoir  pool  and  the  starting  station,  the  initial 
energy  is  the  difference  in  elevation  between  the  reservoir  and  the 
chute  floor  at  the  starting  station.  Entering  the  energy-depth  graph  with 
the  initial  energy  and  the  proper  discharge  per  unit  width,  the  depth  can 
be  determined.  Subtracting  the  depth  from  the  energy,  the  velocity  head 
is  found.  The  energy-depth  curves  are  then  used  at  each  successive  phase 
of  the  computation  after  a  new  energy  value  is  determined.  Reproductions 
of  the  energy-depth  curves  on  double  size  sheets  are  available  upon  re¬ 
quest. 
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Boris  A.  Bakhmeteff,  Hydraulics  of  Open  Channels  (McGraw-Hill,  1932). 
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E  =  ENERGY  IN  f EET 


0  -  DEPTH  IN  FEET 

Dc-  CRITICAL  DEPTH  IN  FEET 

q  -  DISCHARGE  PER  FOOT  OF  WIDTH  IN  CFS 

E  -  ENERGY  IN  FEET  (_E  -  0  *  V/£9  ). 

V  •  VELOCITY  IN  FT  PER  SEC 


ENERGY-DEPTH  CURVES 
SUPERCRITICAL  FLOW 
ENERGY  -  44  TO  68  FEET 

HYDRAULIC  DESIGN  CHART  123-  i 


AfS  4 


DEPTH  IN  FEET 


Wti  4 


•>2 


WATERWAYS  EXPERIMENT  STATION 

COMPUTATION  SHEET 


Job :CVtdOl  Project:  JOHN  DOE  DAM  Subject:  CHUTE  SPILLWAY 

Computations: _ WATER  SURFACE  PROFILE _ 

Computed  By:  A.A.Mc.  Dn4o-  4~/~52  f.Sgrlted  By: _ E  G. _  Onto:  4~  l~  52 


given: 

Q  =/ 20,000  cfs 
W=  400  ff 
n  =  0.0/3 

AL=  lOOfl 
Chufe  Slope  =  0.10 
Inilial  Energy  -  28.0  f  f 


FORMULAS: 

AhrALnin&) 

ALn2  -  00/69 
9=Q/W  =  300  cfs 


STATION 

FLOOR 

ELEV 

ENERGY 

GRAD 

ELEV 

E 

d 

R 

V2 

2  i 

V 

V* 

2  2  1  R4/s 

Ah  f 

10+50 

599.25 

627.25 

626.66° 

28.0 

845 

8.H 

19.55 

35.5 

34.92 

0590(1 

0908(4) 

11+50 

589.25 

626.34(i 
6 2 5.  II 

’37.41 

6.78 

656 

3063 

44.5 

72  57 

1.226 
/  568 

12+50 

579.25 

624.77 

622.86 

45.86 

5.52 

575 

3994 

50.7 

113.01 

1.91 0 
2273 

Cn 

O 

569.25 

622.50 

6/9.86 

53.6/ 

5.35 

5.2/ 

48.26 

55.8/ 

155.95 

2.636 

2972 

14+50 

559.25 

6/9.53 

6/6.22 

60.6/ 

5.00 

4.88 

55.6/ 

59.82 

19571 

3.308 

3647 

15+50 

549.25 

6/5.88 

66.97 

4.72 

46/ 

6225 

63.44 

235  85 
LAhf  = 

3986 

U.368 

Check  Energy  Gradient  E/ev  62725 

61588+11.368  =  627248  Check 

First  estimate  of  energy  gradient  based  on  Ahp  from  station  10  +  50 
3 Adjusted  energy  gradient  based  on  average  of  Ahf  between  10  +  50  &  / /  +  50M 


NOTATION: 

d  -  Depth  of  Flow  m  Chule-ft 
£  -  Energy  -  d *  VZ/2g- ft 

Ahf  5  Increment  of  Friction  Loss- ft 
AL  -  Increment  of  Chute  Length- ft 
n  -  Manning's  Friction  Coefficient 
q  -  Discharge  per  foot  of  width-cfs 
Q  -  Discharge-cfs 
R  -  Hydraulic  Radius- ft 
V  -  Velocity- ft/sec 
W  -  Width  of  Chute -ft 


CHUTE  SPILLWAYS 

ENERGY -DEPTH  CURVES 
SAMPLE  COMPUTATION 

HYDRAULIC  OESICN  CHART  123-6 


AC  VISED  6 -ST 


WES  4 -  I  -  S? 
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HYDRAULIC  DESIGN  CRITERIA 
SHEETS  123-7  TO  123-9 
CHUTE  SPILLWAY 
COMPUTATION  AIDS 


1.  The  curves  on  Hydraulic  Design  Chart  123-7  to  123-9  were  pre¬ 
pared  as  design  aids  for  problems  similar  to  the  one  given  in  the  sample  t 

computation  on  Chart  123-6  previously  issued.  The  first  two  charts  * 

facilitate  the  determination  of  the  hydraulic  radius  for  a  given  rectan¬ 
gular  chute  width  when  the  depth  becomes  known.  Chart  123-7  is  for  \ 

widths  from  10  to  120  ft  and  Chart  123-8  is  for  widths  from  100  to  1200  f 

ft.  The  last  chart  enables  the  designer  to  find  the  velocity  and  the  .  \ 

function  V2/2.21  rV3  after  the  velocity  head  has  been  computed.  | 
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123-7  to  123-9 


HYDRAULIC 


HYDRAULIC  RADIUS  IN  FEET 


BASIC  EQUATION 


WHERE 


R- 


W d 
W  +  2d 


W  =  WIOTH  OF  CHUTE 
d  =  DEPTH  OF  WATER 
R  =  HYDRAULIC  RADIUS 


CHUTE  SPILLWAYS 
HYDRAULIC  RADIUS- 
WIDTH  ~  DEPTH  CURVES 
WIDTH  IQCTO  1200  FT 

HYDRAULIC  OESMN  CHART  123-8 


wts  4  -1-53 


VELOCITY  HEAD  IN 


HYDRAULIC  DESIGN  CRITERIA 


SHEETS  124-1  TO  124-1/1 
CHUTE  SPILLWAYS 
STILLING  BASINS 
LENGTH  OP  HYDRAULIC  JUMP 


1.  Purpose.  The  hydraulic  jump  is  commonly  used  for  energy  dissipa¬ 
tion  at  the  end  of  spillway  chutes.  The  jump  may  occur  on  the  sloping 
chute,  on  both  the  sloping  chute  and  the  horizontal  apron,  or  on  the  hori¬ 
zontal  apron,  depending  upon  tailwater  conditions.  In  each  case  it  is  nec¬ 
essary  to  determine  the  length  of  the  stilling  basin  walls  required  to  con¬ 
fine  the  jump.  HDC  124-1  can  be  used  tc  estimate  jump  lengths  when  excess 
tailwater  forces  the  jump  to  occur  entirely  on  the  chute  slope.  HDC  124-l/l 
is  applicable  when  the  length  of  the  jump  spans  the  intersection  of  the 
sloping  chute  and  the  horizontal  apron. 

2.  Laboratory  Investigation.  Laboratory  experiments  on  the  hy¬ 
draulic  jump  on  sloping  aprons  have  been  conducted  by  Bakhmeteff  and 
Matzke,-^  Kindsvater,^  Lin  and  Priest, 3  and  Bradley  and  Peterka.  >5  Diffi¬ 
culty  has  been  found  in  correlating  the  results  of  various  investigations 
of  length  of  a  jump  on  a  sloping  floor.  The  apparent  reason  for  this  is 
differences  in  the  definition  of  the  jump  length  used  by  the  investigators. 
Bradley  and  Peterka^  define  the  end  of  the  jump  as  "The  point  where  the 
high  velocity  jet  begins  to  lift  from  the  floor,  or  a  point  on  the  tail- 
water  surface  immediately  downstream  of  the  surface  roller,  whichever 
occurs  farthest  downstream."  Bradley  and  Peterka's  jump-length  curves 
have  been  reproduced  as  HDC  124-1  and  124-l/l  and  are  recommended  for  de¬ 
sign  purposes  because  of  the  extensiveness  of  the  tests  compared  with  those 
of  other  investigators.  The  experimental  data  points  have  been  omitted 
from  the  charts  to  simplify  their  use.  Data  points  for  existing  basins 
with  sloping  aprons  are  plotted  in  HDC  124-1/1  and  show  good  agreement  with 
the  curves.  These  points,  selected  from  project  tabulations  published  by 
Bradley  and  Peterka,  are  limited  to  those  cases  where  the  locations  of 
the  jumps  are  dimensionally  defined. 

3.  The  length  L  of  the  jump  in  terms  of  the  theoretical  depth  dg 
for  zero  slope  is  plotted  as  a  function  of  the  entering  Proude  number  F-^ 
in  HDC  124-1.  Jump-length  curves  for  continuous  slopes  of  0.0  to  0.33  are 
given.  The  tailwater  depth  required  for  the  jump  to  occur  completely 
on  the  sloping  apron  is  shown  by  the  insert  graph. 

4.  For  noncontinuous  slopes,  the  length  L^.  of  that  *  >rtion  of  the 
jump  occurring  on  the  slope  is  given  as  a  function  of  the  tailwater  depth 
TW  in  HDC  124-l/l.  The  theoretical  depths  i>or  the  horizontal  apron 
jump  have  been  used  to  develop  the  dimensionless  curves  for  apron  slopes 
of  0.05  to  0,33. 


5.  Application.  HDC  124-1  and  124-1/1  can  be  used  in  the  following 

manner: 

a.  Continuous  Slope.  Compute  the  Froude  number  of  the  entering 
flow  and  the  theoretical  depth  d^  for  the  jump  on  a  hori¬ 
zontal  floor.  The  latter  can  be  estimated  from  HDC  112-3  or 
112-4  and  112-5.  From  the  insert  graph  in  HDC  124-1,  deter¬ 
mine  the  tailwater  depth  d^  for  the  slope  of  interest. 

This  depth  locates  the  end  of  the  jump.  From  the  chart 
proper  determine  the  jump  length  for  the  entering  Froude 
number  and  the  chute  slope.  Locate  the  toe  of  the  jump  using 
the  computed  tailwater  depth  d£  and  jump  length  L  .  Check 
the  Froude  number  at  the  toe  of  the  jump  against  the  Froude 
number  computed  for  the  entering  flow  and  repeat  the  computa¬ 
tions  if  necessary. 

b.  Noncontinuous  Slope.  For  a  noncontinuous  slope,  the  pro¬ 
cedure  is  similar  to  that  for  continuous  slopes.  If  the 
existing  tailwater  depth  TW  is  less  than  the  d£  obtained 
from  the  insert  graph  in  HDC  124-1  but  greater  than  the 
theoretical  depth  dg  ,  the  hydraulic  jump  will  occur  partly 
on  the  slope  and  partly  on  the  horizontal  apron.  The  length 
of  the  portion  of  the  jump  on  the  slope  is  readily  determined 
from  HDC  124-l/l.  The  computed  length  locates  the  toe 
of  the  jump.  If  the  Froude  number  used  in  the  computation 
does  not  approximate  that  existing  at  the  toe  of  the  jump, 
the  computations  should  be  repeated  using  the  new  Froude 
number  at  the  toe  of  the  jump.  Bradley  and  Peterka  suggest 
that  the  jump  length  curves  given  in  HDC  124-1  for  continuous 
slopes  are  also  applicable,  with  negligible  error,  to  non¬ 
continuous  slopes. 
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SHEETS  140-1  TO  140-1/8 
MORNING  GLORY  SPILLWAYS 


1.  Background.  Morning  glory  or  shaft  spillways  utilize  a  crest 
circular  in  plan.  The  outflow  is  carried  by  a  vertical  or  sloping  shaft  to 
a  horizontal  tunnel  at  approximately  streambed  level.  The  capacity  of  the 
morning  glory  spillway  is  limited  by  the  size  of  the  circular  crest  that 
can  be  fitted  to  the  topography  and  by  the  head  on  the  crest.  Uhder  vari¬ 
ous  hydraulic  conditions,  the  flow  may  be  controlled  by  the  crest,  the 
throat,  or  the  friction  of  the  entire  system  flowing  under  pressure.  A 
recent  design  of  the  USBR  Includes  an  inclined  shaft  with  a  vertical  bend 
at  the  bottom  that  has  a  radius  five  times  the  diameter. (2)  The  USBR  recom¬ 
mends  that  the  horizontal  tunnel  of  morning  glory  spillways  be  designed  to 
flow  only  75  percent  full  to  eliminate  instability.^®) 

2 .  Laboratory  Investigation .  Laboratory  investigations  by 
Camp,(3,4}"Wagner,(y)  Lazzarl,(5)  and  others  on  flow  over  circular  sharp- 
crested  weirs  have  been  used  as  the  basis  for  design  of  morning  glory 
spillways.  The  most  complete  study  was  that  made  by  Wagner  on  a  20-in. - 
diameter  weir.  The  results  of  this  study  have  been  used  for  the  develop¬ 
ment  of  HDO's  140-1  to  140-1/8. 

3*  Design  Discharge.  Morning  glory  spillways  are  generally  designed 
for  crest  control  or  free-flow  conditions.  Laboratory  tests  indicate  that 
submergence  begins  to  affect  the  discharge  when  the  ratio  of  the  head  to 
weir  radius  is  greater  than  0.45.  The  discharge  may  be  determined  by  a 
modified  weir  equation: 

Q  -  C  (2rtR)  H^2 


where 

Q  *  discharge,  cfs 
C  «  discharge  coefficient 
R  ■  radius  of  sharp  crest,  ft 
*  design  head  on  spillway  crest,  ft 

HDC  140-1  permits  a  preliminary  estimate  of  the  discharge -head-radius  re¬ 
lation  for  deep  approach  and  free-flow  crest  conditions.  The  discharge 
curves  on  this  chart  are  for  head-radius  ratios  of  0.20,  0.30,  and  0.40. 

4.  The  experimental  discharge  coefficients  are  for  the  head  on  the 
circular,  sharp -crested  weir.  Discharge  coefficient  curves  for  design  head 
on  the  spillway  crest  have  been  published  by  the  USBR'®'  and  are  reproduced 
in  HDC  140-1/1  for  use  with  the  equation  given  in  paragraph  3*  Curves  for 


140-1  to  140-1/8 


three  approach  depth  conditions  are  shown. 

5.  Crest  Shape.  HDC's  l40-l/2  to  140-1/ 5  present  dimensionless 
crest  profiles  and  coordinates  in  terms  of  the  head  on  the  sharp  crest. 
Tabulations  are  included  for  ratios  of  head  to  weir  radius  of  0.2  to  2.0 
and  ratios  of  approach  depth  to  radius  of  2,  0.30,  and  0.15.  The  ratio 

of  head  (Hs)  to  weir  radius  (R)  is  required  for  use  of  these  charts.  This 
relation  can  be  determined  from  a  USBR  design  aid(°)  reproduced  as 
HDC  140-1/6. 

6.  Crest  Shape  Equations.  Equation*  of  the  lower  surface  of  the 
nappe  have  been  determined  for  a  lim +  id  number  of  conditions.  The  con¬ 
verging  flow  over  the  crest  results  .n  complex  equations  for  morning  glory 
spillway  crest  shapes.  Upstream  and  downstream  quadrant  shape  equations 
for  three  approach  depth  conditions  and  for  three  ratios  of  head  to  radius 
for  each  depth  are  given  in  HDC  l40-l/7.  The  equations  are  considered 
adequate  for  defining  crest  shapes  within  the  limits  indicated  on  the  chart. 

7.  Transition  Shape.  The  crest  shape  is  generally  connected  to  the 
vertical  shaft  by  a  transition  section.  A  procedure  which  can  be  used  for 
transition  shape  design  has  been  published  by  the  USBR.W 

8.  Application  Procedure.  HDC  lkO-l/8  is  a  sample  computation  il¬ 
lustrating  the~use^frlTO7s~T4o^,l/  1  to  140-1/7  in  morning  glory  spillway 
design.  In  this  computation  the  horizontal  tunnel  was  considered  as 
flowing  75  percent  full. 

9.  Design  Factors.  A  number  of  problems  encountered  in  the  design 
and  operation  of  morning  glory  sp illway r,  have  been  reported. ( 1>  2, 6, 7 )  In 
the  design  of  these  structures  the  engineer  is  sometimes  concerned  with 
flow  regulation  by  crest  gates.  Inform;. tion  may  also  be  required  on  dis¬ 
charge  coefficients  and  crest  pressures  for  less  than  design  flow  and  pos¬ 
sible  effects  of  adjacent  topography  on  ."adial  flow  to  the  crest.  There¬ 
fore,  in  some  cases  a  model  study  may  be  required  before  selection  of  the 
final  design. 
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HYDRAULIC  DESIGN  CRITERIA 
S1IEETS  211-1  TO  211-1/2 
SLUICE  ENTRANCES  FLARED  ON  FOUR  SIDES 
PRESSURE -DROP  COEFFICIENTS 


1.  Purpose.  The  objectives  in  sluice  entrance  design  are  positive 
pressures  at  all  flows  to  preclude  cavitation,  smoothly  varying  pressures 
to  minimize  entrance  losses,  and  small  size  for  stop-log  closure.  Hy¬ 
draulic  Design  Charts  211-1  to  211-1/2  give  pressure-drop  data  for  sever¬ 
al  shapes  of  entrances  to  rectangular  sluices. 

2.  Theory.  The  pressure  drop  (%)  from  the  reservoir  surface  to 
any  point  on  the  pressure  gradient  for  an  entrance  curve  can  he  ex¬ 
pressed  as  a  function  of  the  velocity  head  in  the  conduit  proper: 

Hd  =  C(V2/2g) 

where 

=  pressure  drop,  ft 

C  *  dimensionless  pressure-drop  coefficient 

V  =  average  velocity  in  conduit  proper,  fps, 

3.  Experimental  Data.  The  pressure  data  on  Chart  211-1  to  211-1/2 
were  obtained  from  tests  conducted  at  the  Waterways  Experiment  Station 
under  CW  802,  Conduit  Intake  Model  Tests.*  The  laboratory  test  section 
represented  a  prototype  sluice  5*67  ft  wide  by  10  ft  high  (h/w  =  1.765) 
with  the  elliptical  and  combination  elliptical  entrance  curves  shown  on 
the  charts.  The  value  of  D  in  the  curve  equations  is  equal  to  the 
conduit  height  for  the  top  and  bottom  curves  and  the  conduit  width  for 
the  side  curves.  The  Pine  Flat  prototype  data**  sho'm  on  Chart  211-1/2 


*  Entrances  to  Conduits  of  Rectangular  Cross  Section;  Investigation  of 
Entrance  Flared  in  Fou.*  Directions.  U.  S.  Army  Engineer  Waterways 
Experiment  Station,  CE,  TM  2-428,  Report  No.  1,  Vicksburg,  Miss., 
March  1956. 

**  Vibration,  Pressure  and  Air-Demand  Tests  in  Flood-control  Sluice, 
Pine  Flat  Dam,  Kings  River,  California.  U.  S.'Army  Engineer 
Waterways  Experiment  Station,  CE,  Miscellaneous  Paper  No.  2-75, 
Vicksburg,  Miss.,  February  1954,  and  subsequent  unpublished  test 
data. 


are  for  a  5 -ft -wide  by  9-ft-high  (h/w  =  1.80),  horizontal  sluice  with 
ellipitical  entrance  curves  at  the  20-on-l  sloping  upstream  face.  These 
data  are  averages  obtained  for  l4  pool  elevations  between  113  and  302  ft 
above  the  sluice  center  line. 

4.  The  CW  802  data  are  from  laboratory  tests  in  which  the  dis¬ 
charge  was  closely  controlled.  The  Pine  Flat  prototype  data  are  based 
on  a  discharge  curve  developed  from  stream  measurements.  The  pres sure - 
drop  coefficients  are  sensitive  to  small  inaccuracies  in  discharge,  and 
the  discrepancy  between  the  laboratory  and  prototype  data  is  attributed 
to  such  small  inaccuracies.  A  2  per  cent  adjustment  in  the  basic  dis¬ 
charge  data  would  result  in  close  agreement. 

5.  Sluice  Entrance  Pressures.  The  dimensionless  pressure-drop 
coefficients  given  on  Charts  211-1  to  211-1/2  can  be  used  to  compute 
the  pressure  gradient  elevations  for  the  given  entrance  shapes.  The 
pressure  gradient  for  any  combination  of  pool  elevation  and  discharge 
then  can  be  compared  with  the  entrance  profile  to  determine  the  pres¬ 
sures  on  the  entrance  surfaces.  The  elliptical  shape  should  normally 
be  used,  but  for  high  dams  with  insufficient  back  pressures  use  of  the 
longer  combination  elliptical  curve  may  be  necessary  to  prevent  occur¬ 
rence  of  negative  pressures. 
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WHERE: 

C  •  PRESSURE-DROP  COEFFICIENT 
Htf*  PRESSURE  DROP  FROM  POOL,  FT 
V  *  AVERAGE  VELOCITY  IN  CONDUIT 
PROPER,  FT  PER  SEC 


NOTE: 

RESULTS  BASED  ON  ESB02 
TEST  DATA  (h/w  *1.765). 

0*  DIMENSION  OF  CONDUIT  IN  DIRECTION 
CONCERNED,  FT 

L*  DISTANCE  ALONG  CONDUIT,  FT 
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w  •  WIDTH  OF  CONOUIT  PROPER,  FT 
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HYDRAULIC  DESIGN  CHART  211-1/2 


HYDRAULIC  DESIGN  CRITERIA 


SHEETS  212-1  TO  212-1/2 
GATE  SLOTS 

PRESSURE  COEFFICIENTS 


1.  Background.  Flow  past  gate  slots  results  in  a  decrease  in  pres¬ 
sure  on  the  conduit  walls  immediately  downstream  from  the  slot.  Cavita¬ 
tion  erosion  can  occur  downstream  from  the  slot  when  high-velocity  flow  is 
accompanied  by  insufficient  pressure  in  the  general  region.  One  of  the 
variables  involved  is  the  ratio  of  the  slot  width  to  depth.  Another  im¬ 
portant  variable  is  the  conduit  geometry  downstream  from  the  slot.  Unde¬ 
sirable  pressure  conditions  on  the  conduit  walls  can  be  improved  to  some 
degree  by  offsetting  the  downstream  edge  of  the  slot  and  returning  gradually 
to  the  original  conduit  wall  alignment. 

2.  Basic  Data.  Hydraulic  Design  Chart  212-1  presents  pressure  coef¬ 
ficients  for  rounded  corner  gate  slots  with  a  width-depth  ratio  equal  to 
2.i .  Similar  data  for  a  ratio  of  1.8  are  presented  in  Chart  212- l/l  for 
slots  with  the  rounded  downstream  corners  combined  with  a  1:12  taper  to  the 
original  conduit  alignment.  The  coefficients  shown  were  computed  using 
the  equation 


Hd  =  CHv 

where 

Hj  =  pressure  difference  from  reference  pressure,  ft 
C  =  pressure  coefficient 

Hy  =  conduit  velocity  head  at  reference  pressure  station,  ft 

The  reference  pressure  station  noted  above  is  shown  in  the  definition 
sketch  in  each  chart.  The  coefficients  shown  in  the  charts  result  from 
U.  S.  Array  Engineer  Waterways  Experiment  Station  (WES)  laboratory  tests 
made  on  l-to-6-scale  models  ov  gate  slot  designs  for  Bull  Shoals  Dam.1 

3.  Chart  212-1/2  presents  coefficients  for  computing  the  minimum 
pressure  in  and  downstream  from  square-edged  slots  with  ratios  of  width 
to  depth  ranging  from  0.5  to  2.5.  The  chart  is  based  on  tests  by  the 
U.  S.  Bureau  of  Reclamation  (USBR)2  with  supporting  data  by  Spengo.3  The 

USER  tests  also  included  study  of  the  effects  of  rounding  the  upstream 
corner  of  the  gate  slot,  decreasing  the  downstream  wall  convergence  rate 
to  1:24  and  1:36,  and  using  convergences  shaped  to  circular  arcs.  Round¬ 
ing  of  the  upstream  corner  of  the  slot  appears  to  have  little  effect 
on  the  pressures  in  or  near  the  slot  unless  the  rounding  is  appreciable, 
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In  this  case  expansion  of  the  flow  into  the  slot  can  result  in  greater 
downstream  flow  contraction  accompanied  by  greater  pressure  reduction  on 
the  downstream  walls.  Changing  the  downstream  convergence  rate  to  1:24 
and  1:36  effects  a  downstream  movement  of  the  minimum  pressure  location 
with  no  appreciable  pressure  changes.  The  USBR  tests  also  showed  that 
convergences  shaped  to  circular  arcs  are  hydraulically  superior  to  those 
formed  by  tangents. 

4.  The  coefficients  shown  in  Charts  212-1  through  212-1/2  are 
based  on  mean  piezometric  measurements  and  do  not  reflect  local  pressure 
fluctuations  caused  by  turbulence  in  the  flow.  It  is  suggested  that  the 
minimum  computed  pressure  be  limited  to  at  least  atmospheric  pressure 

to  reduce  the  possibility  of  cavitation  in  the  prototype.  Prototype  data 
from  electric  pressure  transducers  are  needed  for  firm  criteria. 

5.  Design  Criteria.  Charts  212-1  through  212-l/2  should  be  used 
as  guides  for  estimating  minimum  pressure  conditions  in  the  vicinity  of 
gate  slots  for  full  tunnel  flow.  The  rounding  of  the  upstream  edge  of 
the  gate  slot  shown  in  the  charts  can  be  eliminated  with  no  apparent 
adverse  hydraulic  or  structural  effects.  The  1:12  downstream  taper  shown 
in  Chart  2l2-l/l  has  been  generally  adopted  for  design  and  found  satis¬ 
factory.  In  practice,  the  radius  of  the  downstream  corner  of  the  gate 
slot  has  been  appreciably  decreased  over  that  shown  in  the  charts  to 
reduce  gate  span  and  slot  depth,  thereby  effecting  savings  in  costs. 
Experience  indicates  that  for  part-gate  operation  cavitation  erosion 
mainly  occurs  6  to  8  in.  downstream  from  the  beginning  of  the  1:12  taper 
rather  than  at  the  end  of  the  taper,  as  inferred  from  Chart  2l2-l/l.  If 
the  gates  are  to  be  operated  appreciably  at  part-gate  openings  under  high 
heads,  consideration  should  be  given  to  using  stainless  steel  for  the 
first  6  to  8  in.  of  the  taper.  The  design  criteria  above  is  recommended 
for  high  head  structures.  The  simpler  gate  slot  design  given  in  Chart 
212-1  should  be  adequate  for  low  heads  when  the  conduit  back  pressure 
results  in  a  minimum  computed  average  local  pressure  approximating  at¬ 
mospheric  pressure. 

6.  References. 
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HYDRAULIC  DESIGN  CRITERIA 
SHEET  221-1 
CONCRETE  CONDUITS 
INTAKE  LOSSES 


1.  Chart  221-1,  The  chart  presents  intake  losses  determined  from 
model  and  prototype  investigations  of  single,  double,  and  triple  intakes . 
It  is  only  applicable  to  conduits  flowing  full. 

2.  Theory.  For  design  purposes  intake  losses  include  trashrack, 
entrance,  gate-slot,  transition,  and  friction  losses  throughout  the  intake 
section.  The  total  intake  loss  expressed  as  a  function  of  the  velocity 
head  in  the  conduit  proper  is 

he  =  Ke  (V*/2g) 


where 

h  «  intake  loss,  ft 
e 

K  =  loss  coefficient 
e 

V  =  average  velocity  in  conduit  proper,  ft/sec 
g  =  acceleration  due  to  gravity,  ft/sec2 

3.  Accurate  experimental  determination  of  intake  losses  is  depen¬ 
dent  upon  the  conduit  being  of  sufficient  length  to  permit  a  uniform  fric¬ 
tion  gradient  to  be  established  based  on  fully  developed  turbulence.  The 
intake  loss  is  the  total  available  head  minus  the  velocity  head  and  the 
friction  loss  of  the  conduit. 

4.  Basic  Data.  Chart  221-1,  which  summarizes  the  best  available  data, 
was  developed  from  results  of  model  and  prototype  investigations  of  con¬ 
duits  of  sufficient  length  for  turbulence  to  become  fully  developed.  The 
data  selected  from  model  and  prototype  investigations  for  use  in  determining 
intake  losses  for  the  three  types  of  intakes  are  described  below. 

a.  Single  intake.  The  Pine  Flat  Dam'1"  data  used  are  prototype 
pressures  observed  in  a  rectangular  concrete  conduit.  Other 
data^  were  obtained  during  a  laboratory  study  of  the  effect 
of  artificial  stimulation  of  the  turbulent  boundary  layer  in 
a  rectangular  conduit  conducted  under  Corps  of  Engineers 
Engineering  Studies  Item  802,  Conduit  Intake  Model  Tests. 

The  laboratory  intake  section  contained  no  gate  slots.  Data 
concerning  the  effects  of  gate  slots  on  intake  losses  were 
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obtained  in  special  tests  made  during  the  Bull  Shoals 
Dam^  model  study;  the  data  indicate  that  these  effects 
are  negligible. 

b.  Double  intake.  Prototype  pressure  data  were  obtained  at 
Denison^-  and  Fort  Randall  Dams  .5  The  Denison®  and  Fort 
Randall?  models  were  built  to  a  scale  of  1  to  25.  The 
frictior.  losses  in  the  Fort  Randall  model  appeared  normal. 
Those  in  the  Denison  model  appeared  excessively  low.  How¬ 
ever,  the  relation  between  model  and  prototype  intake  losses 
is  consistent. 

O 

£.  Triple  intake.  The  Tionesta  model0  data  are  the  only  known 
data  resulting  from  a  study  of  a  triple  intake  to  a  conduit 
of  sufficient  length  to  permit  turbulence  to  become  fully 
developed. 
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PROFILE 


CONDUIT  PROPER 

INTAKE 

PROJECT  (1) 

LENGTH 
DIAM  (2) 

REYNOLDS 
NUMBER  (2) 

VELOCITY 
HEAD  (1) 

COEFFICIENT 

K. 

SINGLE  INTAKE  (CONCRETE  OAM  CONDUITS) 

PINE  FLAT 

(PROTOTYPE) 
A-90,  B-30 
C-9.0,  E-5.0 

F  -50,  G-  1.7 

54 

29-3.6  X  I0? 

(PROTOTYPE) 

65-61 

016 

ES  802 

(II 20  MODEL) 

A-  7.5,  6*2.5 
010.0,  E»5.7 
F-4.3,  01.4 

63 

6.7  X  10* 

(MODEL) 

97 

007(3) 

DOUBLE  INTAKE  (EARTH  DAM  TUNNEL) 

DENISON 

(PROTOTYPE) 

A. 25.0,  B-390 
C-  190,0-200 
E-  9.0.T-S3.0 

40 

1.2  X  10* 

(PROTOTYPE) 

66 

0.19 

PEN'SgN 

0:25  MODEL) 

(SEE  ABOVE) 

47 

6.2-96X10* 

(MODEL) 

61-82 

0.12 

FT  RANDALL  (5) 

(PROTOTYPE) 

A- 24.0,  6-  16.0 
023.0,  0-220 
E-II.O,  T-490 

39 

0  7-1.5X10* 

(PROTOTYPE) 

16-72 

0  25 

FT  RANDALL 

(1.23  MODEL) 

(SEE  ABOVE) 

39 

0.9-1.0X10* 

(MODEL) 

46-66 

0  16 

TRIPLE  INTAKE  (EARTH  DAM  TUNNEL) 

TIONESTA 

(U36  MODEL) 

96 

I.5-4.IXI0* 

(MODEL) 

7-50 

0  33 

O 

o 

KJ 

r— j _ u 

o 

»c 

DU 

A-300,  B-220 
C- 18.0.  0-19.0 
E-  7.5,  T-66  0 


INTAKE  HEAD  LOSS 
v1 2 3 4 5 

h*'K*2i 

V- VELOCITY  IN  CONDUIT 
PROPER 


PLAN 


(1)  DIMENSIONS  IN  PROTOTYPE  FEET 

(2)  EQUIVALENT  DIAMETER  FOR  NONCIRCULAR 
SECTIONS  BASED  ON  HYDRAULIC  RAOIUS 

(3)  DOES  NOT  INCLUDE  GATE-SLOT  LOSSES 

(4)  LENGTH  OF  TRANSITION 

(5)  R00r  CURVE  MAJOR  AXIS  HORIZONTAL 


CONCRETE  CONDUITS 

INTAKE  LOSSES 

HYDRAULIC  DESIGN  CHART  221-1 
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HYDRAULIC  DESIGN  CRITERIA 
SHEET  221-1/1 


CONCRETE  CONDUITS 


INTAKE  LOSSES 


THREE- GATE- PASSAGE  STRUCTURES 


U 


1.  Background .  It  may  be  necessary  to  operate  multiple-gate-passage 
intake  structures  with  one  or  more  passages  inoperative.  It  is  therefore 
desirable  to  determine  the  reservoir  stage  required  to  pass  the  design  flow 
with  one  or  more  gate  passages  inoperative  as  well  as  with  all  passages  opera¬ 
tive.  Hydraulic  Design  Chart  221-l/l  summarizes  available  head  loss  data 

for  intake  structures  with  three  gate  passages.  Loss  coefficients  are  given 
for  three-passage  operation  as  well  as  for  the  condition  of  an  inoperative 
center  passage.  Comparable  data  for  one  inoperative  side  passage  are  not 
available.  Chart  221- l/l  is  only  applicable  to  conduits  flowing  full. 

2.  Theory.  For  design  purposes  the  intake  loss  is  usually  expressed 
in  terms  of  the  conduit  velocity  head  as  explained  in  Sheet  221-1.  However 
with  one  gate  passage  inoperative,  more  consistent  results  are  obtained  if 
the  coefficients  are  expressed  in  terms  of  the  gate  passage  velocity  head. 
Therefore,  the  values  given  in  the  chart  are  in  terms  of  gate  passage  ve¬ 
locity  head.  Conversion  into  terms  of  the  conduit  velocity  head  can  be 
accomplished  by  multiplying  the  coefficients  given  in  the  chart  by  the 
square  of  the  ratio  of  the  conduit  flow  area  to  the  effective  gate  passage 
flow  area.  The  intake  less  is  equal  to  the  total  available  energy  head 
minus  the  velocity  head  and  the  resistance  and  other  losses  in  the  conduit 
proper.  Accurate  experimental  determination  of  the  intake  loss  is  de¬ 
pendent  upon  the  conduit  being  of  sufficient  length  to  permit  the  resist¬ 
ance  gradient  to  be  established  for  fully  developed  turbulent  flow.  For  a 
constant  discharge,  the  increase  in  pool  stage  resulting  with  one  or  more 
gates  inoperative  is  equal  to  the  additional  intake  loss.  This  increase 

in  head  loss  can  be  determined  from  measured  rating  curves  and  added  to 
the  head  loss  for  the  condition  of  all  gate  passages  operative  to  obtain 
the  total  estimated  head  loss  with  one  or  more  passages  inoperative.  How¬ 
ever,  in  each  case  it  is  necessary  that  the  downstream  conduit  flow  full. 

3.  Basic  Data.  Chart  221-l/l  was  developed  from  model  investiga¬ 
tions  of  intake  structures  with  three  gate  passages.  The  following  sub- 
paragraphs  briefly  describe  the  model  data  and  the  procedure  used  to 
obtain  loss  coefficients  presented  in  the  chart.  The  basic  intake  geome¬ 
try  is  given  in  the  chart.  The  gate  area  used  to  compute  the  intake  loss 
coefficient  may  not  necessarily  be  the  minimum  passage  area  in  the  intake 
section. 


a.  Wappapello.  The  tunnel  is  D- shaped  and  has  an  equivalent 
L/D  (lengfch-diameter)  ratio  of  13.  The  model  scale  was  1:25. 
The  Ke  (loss  coefficient)  values  shown  are  based  on  model 

221-1/1 
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discharge  rating  curves,  computed  energy  losses  using  the 
smooth  pipe  curve  in  Chart  224-1,  t-nd  Chart  225-1. 

b.  Tionesta.2  The  tunnel  is  circular  and  has  an  L/d  ratio 
of  98*  The  model  scale  was  1:36.  Kg  values  shown  are 
based  on  measured  model  resistance  gradients  and  discharge 
rating  curves. 


1 


c.  Arkabutla. ^  The  tunnel  is  egg  shaped  with  an  equivalent 

L/D  ratio  of  20.  The  model  scale  was  1:25.  The  Ke  values 
shown  are  based  on  measured  model  pressures  near  the  end  of 
the  tunnel,  the  theoretical  resistance  loss  using  the  smooth 
pipe  curve  in  Chart  224-1,  and  the  model  rating  curves. 


4.  Results.  The  sketches  and  dimensions  given  in  Chart  221- l/l  for 
the  three  structures  indicate  considerable  variation  in  geometry  and  size. 
The  large  K„  values  computed  for  Arkabutla  are  attributed  to  the  unusual 
intake  geometry.  The  values  given  in  the  chart  can  be  used  as  a  guide 
for  selecting  entrance  loss  coefficients  for  three-gate-passage  structures 
with  all  passages  operative  or  with  only  the  side  passages  operative.  Pro^ 
totype  confirmation  of  the  model  intake  loss  coefficient  is  desirable. 
Limited  available  data  indicate  that  prototype  loss  coefficients  are  ap¬ 
preciably  higher  than  model  loss  coefficients  (Chart  221-1). 


5.  References. 


(l)  U.  S.  Army  Engineer  Waterways  Experiment  Station,  CE,  Model  Study  of 
the  Outlet  Structures  for  the  Wappapello  Dam.  Technical  Memorandum 
No.  134-1,  Vicksburg,  Miss.,  August 193$. 


(2)  Carnegie  Institute  of  Technology,  Hydraulic  Laboratory,  Report , 

Hydraulic  Model  Tests  of  Spillway  and  Outlet  Works  for  Tionesta  Creek 
Reservoir  Dam,  Tionesta,  Pennsylvania.  Pittsburgh,  Pa. ,  September 

193S: 


(3)  U.  S.  Army  Engineer  Waterways  Experiment  Station,  CE,  Model  Study  of 
the  Outlet  Structures  for  Arkabutla  Dam,  Coldwater  River.  Technical 
Memorandum  No.  167-1,  Vicksburg,  Miss.,  December  1940. 
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PROFILE 


WAPPAPELLO* 

ct:25  MODEL) 

A=  31',  B=25* 

C=  20* ,  D=  20* 

E=  10'  ,  T=50' 
K.CTHREE  GATES)=0.50 
K.  (GATES  11.3)=  0.37 


PLAN 


PROFILE 


TIONESTA 

C i: 3  6  MODEL) 

A=  30’ ,  B  =  22‘ 

C=  I  6' ,  D=  19' 

E=  7.5' ,  T  =  66' 
K.CTHREE  GATES)=0.53 
K.  (GATES  1  13)=0.45 


arkabutla* 

(I  25  MODEL) 

A=  10.5',  B=I6' 

C=  17’,  0=18.25' 

E=  8.5',  T=75' 
K.CTHREE  GATES)=0.79 
K. (GATES  1  &,3>=0.68 


*  CONDUIT  NOT  CIRCULAR 


INTAKE  HEAD  LOSS  h. 


V* 


WHERE: 

K.  =  LOSS  COEFFICIENT 
V  =  GATE  PASSAGE  VELOCITY 
g  =  ACCELERATION,  GRAVITATIONAL 


NOTE'  TO  CONVERT  LOSS  COEFFICIENTS 
INTO  TERMS  OF  CONDUIT  VELOCITY 
HEAD,  MULTIPLY  K,  BY  THE  SQUARE  OF 
THE  RATIO  OF  THE  CONDUIT  AREA  TO 
THE  GATE  PASSAGE  FLOW  AREA  I(C*E) 
OF  THE  GATES  CONCERNED 


CONCRETE  CONDUITS 

INTAKE  LOSSES 
THREE-GATE- 
PASSAGE  STRUCTURES 

HYDRAULIC  DESIGN  CHART  221-1/ I 
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HYDRAULIC  DESIGN  CRITERIA 


SHEET  221-1/2 
CONCRETE  CONDUITS 
INTAKE  LOSSES 

TWO-  AND  FOUR- GATE-PASSAGE  STRUCTURES 


1.  Hydraulic  Design  Chart  221-1/2  presents  loss  coefficients  for 
intakes  with  two  and  four  gate  passages.  Values  are  given  for  the  condi¬ 
tion  of  one  passage  inoperative  as  well  as  for  the  condition  of  all 
passages  operative.  Reference  is  made  to  paragraphs  1,  2,  and  3  of  Sheet 
221-1  and  to  paragraphs  1  and  2  of  Sheet  221-1/1  for  background,  theory, 
and  procedures  used  for  developing  the  loss  coefficients  presented  in 
Chart  221- l/2.  The  loss  coefficients  are  in  terms  of  gate  passage  veloc¬ 
ity  head  for  the  reasons  stated  in  paragraph  2  of  Sheet  221- l/l.  The 
chart  is  only  applicable  to  full  conduit  flow. 

2.  Basic  Data.  Chart  221-1/2  was  developed  from  model  and  prototype 
investigations  of  structures  with  two  and  four  gate  passages.  The  follow¬ 
ing  subparagraphs  briefly  describe  the  model  data  and  procedures  used  to 
obtain  the  loss  coefficients  given  in  the  chart.  The  gate  passage  area 
used  in  computing  the  loss  coefficients  may  not  necessarily  be  the  minimum 
area  in  the  intake  section.  Structures  with  two  gate  passages  are  not 
usually  designed  to  flow  full  with  one  gate  passage  inoperative. 

a.  East  Branch.1  The  intake  has  two  gate  passages.  The  cir¬ 
cular  outlet  conduit  has  an  l/d  (length-diameter)  ratio  of 
125.  Two  horizontal  bends  having  r/d  (curve  radius/ 
conduit  diameter)  values  of  25  are  separated  by  an  800-ft- 
long  tangent.  The  model  scale  was  1:25.  The  resistance 
coefficient,  based  on  the  measured  model  pressure  gradients 
in  the  800-ft-long  tangent,  correlates  with  the  smooth  pipe 
curve  of  the  resistance  diagram  shown  in  Chart  224-1.  The 
measured  pressure  gradients  in  the  tangent  section  were 
therefore  accepted  as  the  resistance  gradient  in  computing 
the  intake  losses.  Chart  228-1  was  used  to  estimate  the 
additional  loss  resulting  from  the  upstream  horizontal  bend. 

p  3 

b.  Fort  Randall.  ’ J  The  intake  has  two  gate  passages.  The 
basic  intake  geometry  is  given  in  Chart  22.1-1.  The  circular 
outlet  tunnel  has  an  l/d  ratio  of  39  and  a  rated  downstream 
control  gate.  The  computed  prototype  loss  coefficients  are 
based  on  pressure  observations  at  seven  piezometer  rings  in 
the  circular  tunnel. 

k 

c.  Sardis.  The  intake  has  four  gate  passages.  The  circular 
outlet  tunnel  has  an  l/d  ratio  of  31.  The  model  scale  was 
1:25,  T1  .-ioretical  friction  gradients,  based  on  Charts  224-1 


! 

! 


and  225-1,  indicated  that  the  measured  tunnel  pressure  gra¬ 
dients  closely  approximate  theoretical  model  resistance 
losses.  Ke  (loss  coefficient)  values  are  based  on  the 
theoretical  and  measured  resistance  gradients  and  the  model 
rating  curves. 


3*  Results.  The  values  in  Chart  221-1/2  are  in  terms  of  the 
gate  passage  velocity  heads  for  the  reasons  stated  in  paragraph  2  of 
Sheet  221-l/l.  The  values  given  in  the  chart  can  be  used  as  a  guide  for 
selection  of  entrance  loss  coefficients  for  intake  structures  with  two 
and  four  passages  with  all  gates  operative  as  well  as  with  one  gate  in¬ 
operative.  Conversion  into  terms  of  the  conduit  velocity  head  can  be 
accomplished  by  multiplying  the  coefficients  given  in  the  chart  by  the 
square  of  the  ratio  of  the  conduit  flow  area  to  the  area  of  the  gate  pas¬ 
sages  concerned.  Prototype  confirmation  of  the  model  loss  coefficients 
is  desirable.  Limited  data  indicate  appreciably  higher  prototype  losses 
than  those  observed  in  models  (Chart  221-1). 


4.  References. 
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Flood- Control  Tunnel  10  for  1  and  2  Gate  Operation,  Fort  Randall  Dam, 
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PLAN 


EAST  BRANCH 
( |.‘25  MODEL) 
A=23',  B=  8' 

C=  12',  D=  10' 

E  =  3.33',  T=42.5' 

Ka  (TWO  GATES)  =  0.23 
K„(ONE  GATE)  =  0.45 


SEE  CHART  221-1  FOR 
DIMENSIONS  OF  FORT 
RANDALL  INTAKE 


FORT  RANDALL 
(PROTOTYPE) 
K.1TWO  GATES)=  0.44 
Ks(ONE  GATE)=0  73 


PLAN 


PROFILE 


SARDIS 

(L25  MODEL) 

A=  16',  B=23.5‘ 

C=  12',,  D=I7‘ 

E  =  6'  ,  T  =  62.5' 

Ka (FOUR  GATES)  =  0.32 
K,(GATES  1,2,  t3)=0.33 
K, (GATES  1,3,  8.4)  =  0.37 


INTAKE  HEAD  LOSS  ha 


WHERE 

K,  =LOSS  COEFFICIENT 
V  =  GATE  PASSAGE  VELOCITY 
9  =  ACCELERATION,  GRAVITATIONAL 

NOTE  TO  CONVERT  LOSS  COEFFICIENTS 
INTO  TERMS  OF  CONDUIT  VELOCITY 
HEAD,  MULTIPLY  K.BY  THE  SQUARE  OF 
THE  RATIO  OF  THE  CONDUIT  AREA  TO 
THE  GATE  PASSAGE  FLOW  AREA  E(CxE) 
OF  THE  GATES  CONCERNED. 
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HYDRAULIC  DESIGN  CRITERIA. 
SHEET  221-1/3 
CONCRETE  CONDUITS 

MIDTUNNEL  CONTROL  STRUCTURE  LOSSES 


1.  Hydraulic  Design  Chart  221-1/3  presents  head  loss  data  for  raid- 
tunnel  control  structures  with  three,  two,  and  one  gate  passages.  Such 
structures  usually  have  appreciable  tunnel  lengths  upstream  and  downstream 
from  the  control  structure.  Where  applicable,  head  loss  coefficients  are 
given  for  the  condition  of  one  gate  passage  inoperative  as  well  as  for  the 
condition  of  all  passages  operative. 

2.  The  basic  theory  and  procedure  described  in  paragraphs  1,  2, 
and  3  of  Sheet  221-1  and  in  paragraphs  1  and  2  of  Sheet  221- l/l  for  con¬ 
duit  intakes  were  used  in  the  development  of  the  loss  coefficients  (Kg) 
presented  in  Chart  221- 1/3.  However,  the  energy  loss  for  midtunnel  con¬ 
trol  towers  is  defined  as  the  difference  in  the  elevation  of  the  resist¬ 
ance  gradients  at  the  beginning  of  the  upstream  and  the  end  of  the  down¬ 
stream  transitions.  The  chart  is  only  applicable  to  full  conduit  flow. 
Conduits  with  two  gate  passages  are  not  usually  designed  to  flow  full 
with  one  gate  inoperative. 

3.  Basic  Data.  Chart  221-1/3  summarizes  the  only  known  available 
data  on  loss  coefficients  for  midtunnel  control  structures.  The  following 
subparagraphs  briefly  describe  the  model  data  and  the  procedures  used  to 
obtain  the  coefficients  presented  in  the  chart. 

a.  Youghiogheny.1  The  control  tower  has  three  gate  passages. 
The  circular  conduit  has  a  downstream  i/D  (length- diameter) 
ratio  of  64  and  an  upstream  l/d  of  3^»  The  upstream  conduit 
contains  a  207-ft-long  horizontal  bend  formed  by  a  200-ft 
radius.  The  model  scale  was  1:36.  The  loss  coefficients 
presented  in  the  chart  are  based  on  the  observed  model  pres¬ 
sure  gradients.  The  resistance  coefficients  computed  from 
these  pressure  gradients  plot  slightly  above  the  smooth  pipe 
curve  shown  in  Chart  224-1. 

2 

b.  Abiquiu.  The  control  structure  has  two  gate  passages.  The 
circular  conduit  has  a  downstream  l/d  ratio  of  71  and  an  up¬ 
stream  i/D  ratio  of  25.  The  model  scale  was  1:20.  The  ob¬ 
served  pressure  gradient  used  to  develop  the  coefficient 
given  in  Chart  221-1/3  agrees  closely  with  the  theoretical 
resistance  gradient  based  on  the  smooth  pipe  curve  shown  in 
Chart  224-1.  The  downstream  conduit  does  not  flow  full  with 
one  gate  passage  operating. 

•3 

0.  Oahe.-'  The  control  tower  has  a  single  gate  passage.  The 
circular  conduit  has  a  downstream  l/d  ratio  of  60.8  and  an 


upstream  l/d  ratio  of  77.  The  upstream  conduit  contains  a 
horizontal  bend  having  a  length  of  802  ft  and  an  R/D  (curve 
radius- conduit  diameter)  ratio  of  108.  The  upstream  and 
downstream  conduits  were  studied  independently  on  1: 25-scale 
models.  The  gate  passage  loss  coefficients  given  in  the 
chart  are  based  on  pressure  gradients  observed  in  the  model 
conduits.  Computations  indicated  that  the  model  pressure 
gradients  closely  approximate  the  theoretical  resistance  gra¬ 
dient  based  on  the  smooth  pipe  curve  shown  in  Chart  224-1. 

4.  Results.  Sketches  and  dimensions  are  given  in  Chart  221- 1/3  for 
midtunnel  control  towers  with  three,  two,  and  one  gate  passages.  The  Ke 
values  presented  are  in  terms  of  the  gate  passage  velocity  head  for  the 
reasons  stated  in  paragraph  2  of  Sheet  221- l/l.  The  values  presented  can 
be  used  as  guides  in  the  selection  of  loss  coefficients  for  midtunnel  con¬ 
trol  towers  with  all  passages  operative  as  well  as  with  one  passage  in¬ 
operative.  For  design  convenience,  the  YLq  values  given  in  the  chart  can 
be  converted  into  terms  of  the  conduit  velocity  head  by  multiplying  the 
given  values  by  the  square  of  the  ratio  of  the  conduit  area  to  the  effec¬ 
tive  gate  passage  flow  area  of  the  passages  concerned.  Prototype  confirma¬ 
tion  of  the  model  less  coefficients  is  desirable.  Limited  data  for  con¬ 
duit  intakes  indicate  that  prototype  losses  are  appreciably  higher  than 
model  losses  (Chart  221-1). 
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CONTROL  STRUCTURE  HEAD  LOSS  h. 


V* 

h»=R«2g 

WHERE: 

K»  =  LOSS  COEFFICIENT 
V  =  GATE  PASSAGE  VELOCITY 
9  =  ACCELERATION,  GRAVITATIONAL 

NOTE  TO  CONVERT  LOSS  COEFFICIENTS 

INTO  TERMS  OF  CONDUIT  VELOCITY 
HEAD,  MULTIPLY  K,  BY  THE  SQUARE  OF 
THE  RATIO  OF  THE  CONOUIT  AREA  TO 
THE  GATE  PASSAGE  FLOW  AREA  E(C*E) 
OF  THE  GATES  CONCERNED 


CONCRETE  CONDUITS 
MIDTUNNEL  CONTROL 
STRUCTURE  LOSSES 

HYDRAULIC  DESIGN  CHART  221-1/3 
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HYDRAULIC  DESIGN  .CRITERIA 
SHEETS  221-2  TO  221-2/2 


EARTH  DAM  OUTLET  WORKS 


ENTRANCE  WITH  ROOF  CURVE  ONLY 


PRESSURE-DROP  COEFFICIENTS 


1.  General.  Intake  structures  for  earth  dam  outlet  works  are  de¬ 
signed  to  avoid  flow  separation  and  unsatisfactory  pressure  conditions. 
Entrance  roofs  are  formed  to  smooth  curves,  and  the  invert  is  approximately 
level  with  the  approach  channel  floor.  The  sidewalls  are  generally  paral¬ 
lel  with  slight  flare  or  curvature  upstream  from  the  roof  curve.  The  side- 
walls  or  piers  should  extend  approximately  one  conduit  height  into  the  low- 
velocity  flow  area,  with  the  upstream  ends  (noses)  rounded  and  extending 
nearly  vertically  well  above  the  roof  curve.  The  general  entrance  geometry 
is  shown  in  Hydraulic  Design  Chart  221-2.  In  the  region  of  the  roof  curve 
where  rapid  flow  acceleration  occurs,  the  flow  approaches  two  dimensional 
and  the  pressure  across  the  roof  is  essentially  uniform  at  any  section  as 
shown  in  Chart  221-2/1, 

2.  Theory.  The  pressure  drop  H&  from  the  reservoir  surface  to  the 
pressure  gradient  for  any  point  on  the  entrance  boundary  can  be  expressed 
as  a  function  of  the  velocity  head  in  the  uniform  section  of  the  intake 
gate  passage 


H ,  =  C  — 
d  2g 


where 


H^  =  pressure  drop,  ft 
C  =  dimensionless  pressure-drop  coefficient 

V  =  average  velocity  in  uniform  section  of  gate  passage,  ft/sec 

2 

g  =  gravitational  acceleration,  ft/sec 

The  magnitude  of  the  reservoir  head  appears  to  have  little  effect  upon  the 
pressure-drop  coefficients  as  Long  as  the  entrance  is  submerged  several 
times  its  height.1 


3.  Data  Sources.  Tests  have  been  made  at  the  U.  S.  Army  Engineer 
Waterways  Experiment  Station  (WES)  to  develop  entrance  shapes  of  minimum 
length  and  cross-section  area  conducive  to  satisfactory  boundary  surface 
pressure  distribution  and  to  economical  construction.  In  addition,  model 
investigations  have  been  made  on  specific  projects.  Applicable  results 
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from  selected  available  study  reports  have  been  analyzed  and  summarized  in 
reference  1.  The  three  entrances  developed  during  the  Fort  Randall,2 
Garrison, 3  and  Blakely  Mountain**  model  investigations  are  basically  similar 
except  for  the  geometry  of  the  upstream  face  of  the  intake  tower.  The  re¬ 
sults  of  these  model  studies  together  with  comparable  data  from  reference  5 
are  presented  in  Chart  221-2. 

4.  Upstream  Face  Geometry.  Chart  221-2  presents  pressure-drop  coef¬ 
ficients  for  intakes  of  similar  entrance  geometry  but  with  appreciably  dif¬ 
ferent  upstream  face  geometry.  In  each  case  the  roof  curve  for  all  prac¬ 
tical  purposes  is  formed  to  the  equation 


where 

D  =  conduit  height  at  the  uniform  section 

X  and  Y  =  coordinates  of  an  ellipse  with  its  origin  as 
shown  in  the  chart 

Parallel  sidewalls  or  piers  extend  upstream  approximately  ID  from  the  up¬ 
stream  end  of  the  roof  curve.  Intake  types  2,  3,  and  4  (Blakely  Mountain,** 
Fort  Randall,2  and  Garrison, 3  respectively)  have  bulkhead  slots  immediately 
upstream  of  the  intake  curve.  Type  1^  has  neither  bulkhead  nor  gate  slots. 

5.  The  pressure-drop  coefficient  curves  in  Chart  221-2  indicate  that 
the  geometry  of  the  upstream  face  of  the  intake  has  negligible  effect  upon 
the  pressure  distribution  along  the  roof  curve.  For  entrances  with  roof 
flare  only,  it  is  suggested  that  the  vertical  upstream  face  extend  0.5D 
above  the  beginning  of  the  roof  curve.  Above  this  elevation  the  most  eco¬ 
nomical  structural  geometry  should  be  used. 

6.  Roof  Curve  Shape.  The  entrance  curve  shape  given  in  Chart  221-2 
is  suggested  for  use  in  designing  entrances  curved  in  one  direction  only. 
This  shape  should  be  adequate  for  earth  dam  outlet  works  having  appreciable 
tunnel  length.  For  short  tunnels  with  less  back  pressure  the  curve  given 
in  Chart  221-2/1  should  result  in  more  favorable  pressure  conditions.  The 
pressure-drop  coefficients  are  based  on  average  pressures,  and  the  local 
pressure  fluctuations  criteria  given  in  paragraph  4  of  Sheets  534-2  and 
534-2/1  should  be  considered  in  selecting  the  final  roof  curve  design. 

7.  Application.  The  pressure-drop  coefficient  is  a  function  of  the 
velocity  head  in  the  uniform  gate  passage  section  which  in  turn  is  a  func¬ 
tion  of  the  outlet  works  length,  the  intake  and  other  geometric  losses,  anu 
the  total  available  head.  Local  pressure  conditions  as  effected  by  gate 
and  bulkhead  slots  are  discussed  in  HDC  212-1  to  212-1/2  and  in  reference  1. 

8.  The  adequacies  of  the  entrance  geometry  and  the  resulting 
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pressure  gradient  are  dependent  to  a  large  extent  upon  the  tunnel  length. 
The  optimum  entrance  geometry  for  a  short  tunnel  is  not  necessarily  the 
same  as  that  for  a  long  conduit.  Also,  closure  of  one  or  more  gates  in 
multiple-passage  intakes  may  result  in  unsatisfactory  pressure  conditions 
(no  hack  pressure).  The  pressure-drop  coefficients  in  Chart  221-2  result 
from  studies  of  conduit  height-width  ratios  of  I.36  to  2.09.  Application 
of  these  data  should  be  limited  to  reasonably  similar  ratios. 

9.  Chart  221-2/2  is  an  example  computation  for  evaluating  the  ade¬ 
quacy  of  entrance  geometry. 
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EQUATION 

Vz 

WHERE: 

^•PRESSURE  OROP  FROM  POOL, FT 
C  » PRESSURE-DROP  COEFFICIENT 

5"  «  VELOCITY  HEAD  IN  RECTANGULAR 
z9  GATE  SECTION,  FT 


NOTE:  D*  HEIGHT  OF  RECTANGULAR 
GATE  SECTION,  FT 
L»  DISTANCE  ALONG  CONDUIT,  FT 


EARTH  DAM  OUTLET  WORKS 

ENTRANCE  WITH  ROOF  CURVE  ONLY 
PRESSURE  -  DROP  COEFFICIENTS 
LONG  ELLIPTICAL  SHAPE 

HYDRAULIC  DESIGN  CHART  221-2/1 
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Stv  *-10 


WES  }0 -•» 


( 


TWO  GATES  FULLY  OPEN 


GIVEN: 

Reservoir  pool  ol  =  181  ft  mil 
Infolco  invert  ol  =  100  ft  msl 
Goto  passages 
No.  =  2 

Haight  (D)  =  23  ft 
Width  (W)  =  11  ft 
Discharge  (Q)  =  20,600  cfs 
Both  gates  open  full 

REQUIRED: 

Roof  curve  el  at  L  =  1,5,  10,  15,  20,  and  30  ft 

Gate  passage  velocity  head 

Pressures  on  roof  al  L  s  1, 5,  10,  15,  20,  and  30  ft 

COMPUTE: 

Roof  curve  elevations 


Basic  equation: 

X2 

529 

Y2 

or  Y  = 

(235  -  0.444  X2),/2 

with 

X  =  23  - 

L 

Roof  el 

L 

(ft) 

L/D 

X 

(ft) 

JSi 

0.444  X2 

Yi 

Y 

(ft) 

(138.3  -  Y) 
(ft  msl) 

1 

0.04 

22 

484 

215 

20 

4.5 

133.8 

5 

0.22 

18 

324 

144 

91 

9.5 

128.8 

10 

0.44 

13 

169 

75 

160 

12.7 

125.6 

15 

0.65 

8 

64 

28 

207 

14.4 

123.9 

20 

0.87 

3 

9 

4 

231 

15.2 

123.1 

23 

30 

1.00 

1.30 

0 

-7 

0 

0 

235 

15.3 

123.0 

123.0 

Gate  passage  velocity  head 

Vais  _M-c40.7fp, 
A  2  *  11  x  23 


V.2  = 

(40.7)2  _ 

25.7  ft 

2g 

2  x  32.2 

leisure  on  roof  (' 

assume 

conservative 

values  of  C 

from  Chart 

_o 

M 

O 

CD 

equation: 

Hd  =  C 

yi 

2y 

Roof 

l/D 

C 

Jk 

Pool  -  Hd 

Roof  el 

Pressure 

(ft) 

(ft  msl) 

(ft  msl 

(ft) 

0.04 

0.66 

17.0 

164.0 

133.8 

30.2 

0.22 

0.98 

25.2 

155.8 

128.8 

27.0 

0.44 

1.26 

32.4 

148.6 

125.6 

23.0 

0.65 

1.36 

35.0 

146.0 

123.9 

22.1 

0.87 

1.38 

35.5 

145.5 

123.1 

22.4 

1.00 

1.36 

35.0 

146.0 

123.0 

23.0 

1.30 

1.26 

32.4 

148.6 

123.0 

25.6 

Note: 

Roof  pressures  satisfactory 

EARTH  DAM  OUTLET  WORKS 
ENTRANCE  WITH  ROOF  CURVE  ONLY 
PRESSURE -DROP  COEFFICIENTS 
PRESSURE  COMPUTATION 

HYDRAULIC  DESIGN  CHART  221-2/2 
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HYDRAULIC  DESIGN  CRITERIA 


SHEETS  221-3  AND  221-3/1 
EARTH  DAM  OUTLET  WORKS 

ENTRANCE  WITH  ROOF  CURVE  AND  SIDE  FLARE  OR  CURVE 


1.  General.  Dividing  walls  and  piers  for  intake  structures  with 
multiple  flow  passages  vary  in  thickness  from  4  to  10  ft  depending  upon 
structural  and  foundation  requirements.  The  design  of  entrances  to  these 
structures  generally  requires  the  use  of  curved  or  flared  sidewalls  or 
piers.  When  the  side  curve  occurs  at  or  downstream  from  the  beginning  of 
the  entrance  roof  curve,  the  intake  should  be  designed  as  a  three- 
dimensional  inlet  rather  than  the  two-dimensional,  type  described  in 
Hydraulic  Design  Criteria  (HDC)  221-2  to  221-2/d. 

2,  In  three-dimensional  inlets,  the  sidewalls  are  curved  horizon¬ 
tally  and  the  roof  curved  vertically.  The  invert  is  level.  Local  accel¬ 
eration  of  the  flow  in  a  lateral  direction  in  addition  to  that  in  the  ver¬ 
tical  direction  results  in  more  rapid  pressure  reduction  along  the  inlet 
roof  corners  than  along  the  roof  center  line.  In  most  designs,  the  roof  is 
curved  and  the  sides  of  the  projecting  pier  walls  are  flared  linearly.  A 
short  transition  curve  is  used  to  join  the  sidewall  taper  with  the  uniform 
conduit  section.  When  both  the  roof  and  sidewall  flares  are  curvilinear 
they  are  shaped  to  an  elliptical  equation  of  the  type  given  in  paragraph  4 
of  Sheets  221-2  to  221-2/2.  The  term  D  of  this  equation  is  the  dimension 
of  the  conduit  (height  or  width)  in  the  direction  concerned. 


3.  Linear  Sidewall  Flare.  Entrances  of  inlets  with  mild  sidewall 
flare  (less  than  1  to  lo)  can  be  considered  two-dimensional  if  the  side- 
walls  are  straight  and  extend  appreciably  upstream  into  the  low-velocity 
flow  area.  For  this  condition,  use  of  the  equation  given  in  Chart  221-2 
for  the  roof  curve  should  result  in  satisfactory  inlet  pressures  for  con¬ 
duit  lengths  resulting  in  appreciable  back  pressure.  An  estimate  of  the 
roof  center-line  and  corner  pressures  can  be  obtained  by  using  the 
pressure-drop  coefficient  given  in  Chart  221-2  adjusted  by  the  square  of 
the  ratio  of  the  areas  at  each  section,  as  described  below.  Chart  221-3 
presents  a  plot  of  experimentally  determined  pressure-drop  coefficients 
for  an  inlet  having  linear  sidewall  flare  and  curved  roof.l  Both  top 
center-line  and  top  corner  data  are  given  for  the  condition  of  all 
passages  operating  as  well  as  for  the  side  passages  closed.  Also  shown 
in  the  chart  is  a  pressure-drop  coefficient  curve  for  a  two-dimensional 
inlet  having  the  same  roof  curve. ^  The  results  of  adjusting  the  two- 
dimensional  inlet  coefficients  to  the  three-dimensional  case  is  included 
in  the  chart. 3  Reasonable  agreement  with  the  experimental  data  is  obtained. 


4.  Coefficient  Adjustment.  The  basic  equations  used  to  adjust  the 
two-dimensional  pressure  coefficients  for  three-dimensional  use  are: 
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a.  The  continuity  equation: 


5.  Equations  1  through  4  can  he  combined  to  give  the  relation 


Equation  5  can  be  used  with  Chart  221-2  or  221-2/1  to  estimate  roof  curve 
pressures  for  inlets  with  mild  sidewall  flare  (up  to  5  deg).  The  procedure 
given  above  is  not  applicable  to  inlets  with  side  curves  in  which  flow 
along  the  sidewall  boundary  has  an  appreciable  lateral  component  and  piers 
are  not  extended  into  the  low- velocity- flow  area. 

6.  Curvilinear  Sidewalls.  Inlets  with  roof  and  sidewall  curves  usu¬ 
ally  have  elliptical  equations  to  define  these  curves.  The  flow  along  the 
sidewalls  has  appreciable  lateral  components.  Piers  projecting  upstream 
into  the  low- velocity- flow  area  are  not  provided.  The  inlet  curve  geometry 
and  pressure-drop  coefficients  given  in  Chart  221-3/1  should  result  in  sat¬ 
isfactory  entrance  pressures  for  inlets  with  curved  roof  and  sidewalls  and 
downstream  conduits  of  appreciable  length.  The  inlet  design  procedure  de¬ 
scribed  in  paragraphs  4  and  5  above  is  not  applicable  to  inlets  of  this 
type. 


7.  Application.  The  pressure-drop  coefficients  given  in  Charts 
221-3  and  221-3/1  are  based  on  average  pressures.  The  general  design 
philosophy  discussed  in  Sheets  221-2  to  221-2/2  should  be  followed  in  the 
design  of  inlets  with  horizontal  flare.  Design  adequacies  discussed  in 
paragraph  8  of  that  series  should  be  considered  in  evaluating  the  final 
inlet  design  curves. 
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ELLIPTICAL  TOP  AND  SIDE  FLARES 


HYDRAULIC  DESIGN  CRITERIA 
SHEET  224-1 

RESISTANCE  COEFFICIENTS 
CONCRETE  CONDUITS 


1.  General.  The  Kutter  and  Manning  coefficients  have  been  used  ex¬ 
tensively  in  the  past  by  design  engineers  in  the  United  States.  Manning's 
n  has  found  more  favor  in  flood-control  and  irrigation  design  work  because 
of  its  relative  simplicity  in  the  evaluation  of  resistance  (friction) 
losses.  A  Manning's  n  value  of  0.013  has  been  commonly  used  by  engineers 
in  the  design  of  concrete  conduits  since  publication  of  an  article  by 
Horton-1-  in  1916  which  was  subsequently  published  in  King's  Handbook  of 
Hydraulics .  The  Manning  coefficient  served  a  useful  purpose  for  the  de¬ 
sign  of  conduits  with  Reynolds  numbers  that  were  small  compared  to  those  of 
large  flood-control  conduits.  Tests  at  very  high  Reynolds  numbers  on  the 
Oahe  Dam  flood-control  conduit^  where  all  joints  and  irregularities  were 
ground  smooth  indicated  a  Manning's  n  of  about  O.OO98,  illustrating  that 
the  older  design  values  of  the  Manning's  n  can  result  in  overdesign.  How¬ 
ever,  because  of  possible  deterioration  of  interior  surfaces  with  time  a 
Manning's  n  value  of  0.014  is  still  used  for  capacity  design  by  some 
engineers . 

2,  Effect  of  Reynolds  Number.  The  variation  of  the  resistance  coef¬ 
ficient  relative  to  the  Reynolds  number  is  expressed  with  the  Darcy  factor 
"f."  This  relation  is  normally  plotted  in  the  form  of  a  general  resistance 
diagram  referred  to  as  the  Moody  diagram. 3  Chart  224-1  is  a  Moody  diagram 
on  which  have  been  plotted  experimental  data  obtained  on  concrete  conduits. 
The  terms  involved  are  defined  on  the  chart.  Nikuradse's  study  on  pipes 
coated  with  uniform  sand  grains  demonstrated  that  the  resistance  factor 
decreases  with  an  increase  in  Reynolds  number.  Prandtl  and  Von  Karman 
based  the  smooth  pipe  formula  (Chart  224-1)  upon  theoretical  considerations 
adjusted  to  the  Nikuradse  data.  The  heavy  dashed  line  on  the  chart  repre¬ 
sents  the  limit  of  the  transition  from  the  smooth  pipe  formula  to  rough 
pipes  with  full  turbulence.  The  resistance  factor  then  becomes  independent 
of  Reynolds  number  and  is  only  a  function  of  the  relative  roughness.  .The 
lines  in  the  transition  region  represent  the  Colebrook-White  function* 
based  on  experiments  with  mixed  roughness  contrasted  to  uniform  sand 
grains.  The  Colebrook-White  function  has  been  extrapolated  considerably 
beyond  the  limits  of  the  basic  experimental  data  Re  =  6  x  105  .  Observed 
values  of  f  for  the  prototype  flood-control  conduits  at  Oahe  and  Denison 
Dams  are  considerably  less  than  those  computed  for  comparable  Reynolds  num¬ 
bers  using  the  Colebrook-White  equation  and  field  roughness  measurements  of 
the  interior  surface  of  the  conduits.  However,  the  relation  between  phys¬ 
ical  measurements  of  surface  roughness  and  the  i.  draulic  effective  rough¬ 
ness  has  yet  to  be  firmly  established. 
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3.  The  velocity-diameter  product  VD  for  water  at  60  F  is  included 
as  a  scale  across  the  top  of  the  graph.  The  VD  scale  is  convenient  for 
most  design  problems  in  which  the  effect  of  water  temperature  on  capacity 
is  neglected.  Chart  001-1  shows  the  relation  between  kinematic  viscosity 
and  water  temperature  for  use  when  it  is  desired  to  compute  the  effect  of 
temperature. 


u 


4.  Effective  Roughness.  Available  test  data  on  concrete  pipes  and 
conduits  have  been  analyzed  to  correlate  the  effective  roughness  ks  with 
construction  practices  in  forming  concrete  conduits  and  in  treatment  of  in¬ 
terior  surfaces.  The  following  tabulation  gives  information  pertinent  to 
the  data  plotted  in  Chart  224-1.  The  type  of  construction  and  the  result¬ 
ing  effective  roughness  can  be  used  as  guides  in  specific  design  problems. 
However,  the  ks  values  listed  are  not  necessarily  applicable  to  other 
conduits  of  greatly  different  diameters. 


Project 

Ref 

No. 

Shape* 

Size 

ft 

ks 

ft 

Construction 

\ 

Precast  Pipe 

Asbestos 

; 

cement 

5 

C 

1.2 

0.00016 

Steel  mandril 

Asbestos 

1 

cement 

5 

C 

1.7 

0.00008 

Steel  mandril 

|‘ 

Neyrpic 

6 

C 

2.82 

0.00030 

19.7-ft  steel  form 

1 

/  \  | 

Denver  #10 

7 

C 

4.5 

0.00018 

12- ft  steel  form 

(  ) 

Umatilla 

River 

8 

C 

3-83 

0.00031 

8- ft  steel  form 

Prosser 

8 

C 

2.54 

0.00152 

Oiled  steel  form 

Umatilla  Dam 

8 

C 

2.5 

0.00024 

4- ft  sheet  steel  on 

wood  forms 

Deer  Flat 

8 

C 

3.0 

0.00043 

6- ft  steel  form 

Victoria 

8 

C 

3.5 

0.00056 

4-ft  oiled  steel 

forms 

Denver  #3 

9 

C 

2.5 

0.00011 

12-ft  steel  form 

Denver  #13 

9 

C 

5.0 

0.00016 

12-ft  steel  form 

Spavinaw 

2 

C 

5.0 

0.00013 

12-ft  steel  form 

Steel  Form  Conduits 

Denison 

10 

C 

20 

0.00012 

1 

Ontario 

8 

0 

18 

0.00001 

Hand  rubbed 

Chelan 

11 

C 

14 

0.00061 

Adam  Beck 

12 

C 

45 

0.00018 

Invert  screeded  and 

■B  Fort  Peck 

*  C  =  circular,  0 
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24.7 

(Continued! 


0.00014 


troweled 


=  oblate,  R  =  round,  and  H  =  horseshoe. 


Symbol  Project 


Ref 

No .  Shape 


Sis- 

ft 


Construction 


ks 

ft 


9 

+ 

9 

© 


G 


Wood  Form  Conduits 


Oahe 

Enid 

Pine  Flat  52 
Pine  Flat  56 

14 

15 

16 

16 

C 

C 

R 

R 

18.3 

-11 

5X9 

5  x  9 

0.00004 

0.00160 

0.00103| 

0.00397J 

Joints  ground 

Longitudinal  planking 

Miscellaneous 

Quabbin 

17 

H 

11  x  13 

0.00015 

Unknown 

Criteria. 


a.  Capacity.  Conservative  values  should  be  used  in  designing 
for  conduit  capacity.  The  ks  values  listed  below  are  based 
on  the  data  presented  in  paragraph  4  and  are  recommended  for 
capacity  design  computations. 


Size  ks 

ft  ft 

Under  2.0  0.0003 

Under  5.0  0.0010 

0.0020 

0.0030 

b.  Velocity.  The  smooth  pipe  curve  in  Chart  224-1  should  be  used 
for  computing  conduit  flow  velocity  pertinent  to  the  design 
of  energy  dissipators.  It  should  also  be  used  for  all  esti¬ 
mates  for  critically  low  pressures  in  transitions  and  bends, 
as  well  as  for  the  effects  of  boundary  offsets  projecting 
into  or  away  from  the  flow. 


Asbestos  cement  pipe 
Concrete  pipe,  precast 
Concrete  conduits  (circular) 
Concrete  conduits  (rectangular) 


c.  Model  Studies.  Experimental  results  indicate  that  the  re¬ 
sistance  coefficients  of  models  made  of  plastic  closely  ap¬ 
proximate  the  smooth  pipe  curve  at  model  flow  Reynolds  num¬ 
bers  in  Chart  224-1.  The  curve  should  be  used  in  computing 
boundary  resistance  losses  for  models  of  concrete  and  steel 
conduits  in  order  to  make  any  required  model  length 
adjustment. 

d.  Conduit  Shape  Effects.  A  WES  study  shows  that  the 
shape  effects  on  resistance  in  noncircular  conduits  can 
be  neglected  for  all  practical  purposes  in  the  design  of 
conduit  shapes  normally  encountered  in  Corps  of  Engineers 
Civil  Works  projects.  It  is  suggested  that  the  concept 
of  equivalent  hydraulic  diameter  be  used  in  the  design  of 

224-1 

Revised  8-60 
Revised  1-64 
Revised  9-70 
Revised  3-73 


noncircular  conduits  unless  the  aspect  ratio  (width /height ) 
is  less  than  0.5  or  greater  than  2.  Where  unusual  shapes 
are  involved,  model  testing  to  evaluate  shape  effects  may¬ 
be  required. 

e.  Equivalent  Diameter.  The  equivalent  diameter  concept 
assumes  that  the  resistance  loss  and  flow  velocity  in  a 
noncircuiar  conduit  are  equal  to  those  in  a  circular  con¬ 
duit  having  a  hydraulic  radius,  boundary  roughness  condi¬ 
tion,  and  energy  head  equal  to  those  of  the  noncircular 
conduit.  The  equivalent  diameter  is  equal  to  four  times 
the  hydraulic  radius  of  the  noncircular  conduit.  The 
cross-section  area  of  the  noncircular  conduit  is  used  with 
the  above-defined  velocity  to  compute  the  flow  discharge. 

6.  Acknowledgment  is  made  to  the  following  for  permission  to  use  the 
data  shown  in  Chart  224-1. 

a.  Engineering  News-Record,  Spavinaw  Aqueduct  and  Denver  Conduit 
No.  10  data,  References  2  and  7* 

b.  Journal,  American  Water  Works  Association,  Denver  Conduits 
Nos.  3  ana  13  data,  Reference  9- 

c.  American  Society  of  Civil  Engineers,  Quabbin  and  Chelan  data, 
References  11  and  17. 

d.  La  Houille  Blanche,  Neyrpic  tests,  precast  concrete  data, 
Reference  6. 

e.  The  Engineering  Journal,  Sir  Adam  Beck  tunnel  data, 

Reference  12. 

f.  The  University  of  New  South  Wales,  Asbestos  cement  data, 
Reference  5. 
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HYDRAULIC  DESIGN  CRITERIA 


SHEET  224-1/1 
RESISTANCE  COEFFICIENTS 
STEEL  CONDUITS 


1.  The  magnitude  of  resistance  (friction)  loss  in  steel  conduits  is 
an  important  factor  in  the  economics  of  design  of  pipelines,  tunnels,  and 
power  penstocks.  The  concept  of  maximum  and  minimum  design  criteria  is  of 
importance  in  the  design  of  flood-control  outlet  works  and  of  surge  tanks 
for  power  plants.  It  is  desirable  to  use  conservative  resistance  values 
in  the  design  of  flood-control  conduits  and  water  supply  lines  for  hydrau¬ 
lic  capacity  and  in  the  design  of  surge  tanks  for  load  acceptance.  Con¬ 
versely,  minimum  resistance  values  should  be  used  for  the  design  of  still¬ 
ing  basins  and  of  surge  tanks  for  load  rejection.  The  general  comments  in 
paragraphs  2  and  3  of  HDC  Sheet  224-1  apply  to  steel  conduits. 

2.  Resistance  Factors.  Chart  224-l/i  is  a  plot  of  experimental  data 
from  tests  made  on  steel  conduits.  The  data  are  shown  in  the  form  of  a 
Moody  diagram  where  the  resistance  factor  f  is  plotted  as  a  function  of 
the  Reynolds  number.  The  plotted  points  were  selected  principally  from 
data  compiled  by  the  USBR.f  The  San  Gabriel^  test  data  were  obtained  from 
measurements  on  enamel-lined  steel  conduits  and  afford  information  for  the 
higher  Reynolds  numbers.  The  Neyrpic  tests, 3  the  Milan  tests, ^  and  the 
Hoover  Dam  model  tests5  were  hydraulic  laboratory  investigations  involving 
fairly  large  Reynolds  numbers.  Corps  of  Engineers  field  tests  at  Fort 
Randall  Dam  in  1956®  and  1959^  afforded  valuable  information  of  the  effects 
of  surface  treatment  of  22-ft-diameter  steel  tunnels.  The  1956  Fort 
Randall  and  the  1957  Garrison^  tests  on  vinyl-painted  steel  resulted  in 

an  average  f  value  of  0.0075  for  Re  =  1.45  X  10?  and  an  f  value  of 
0.0071  for  Re  of  2.5  X  107  ,  respectively.  The  1959  tests  of  brushed, 
tar-coated  surface  treatment  resulted  in  an  average  f  value  of  O.OO85  for 
Re  =  1.01  X  108  .  The  pipe  flow  theory  indicates  that  experimental  data 
should  not  plot  below  the  smooth  pipe  curve  in  Chart  224-l/l. 

3.  Effective  Roughness.  The  following  tabulation  summarizes  the 
data  plotted  in  Chart  224-1/1  and  can  be  used  as  a  guide  in  selecting  ks 
values  for  specific  design  problems.  However,  the  ks  values  listed  do 
not  necessarily  apply  to  conduits  having  greatly  different  diameters. 


Symbol 

□ 

■ 


Project 

Neyrpic 

Neyrpic 

Milan 

Milan 


hs 

ft 


Ref  Diameter 

No.  ft  _ 

3  2.60  0.000010 

3  2.61  0.000135 

4  0.33  0.000039 

4  0.49  0.000026 

(Continued) 


Remarks 


Spun  bitumastic  coating 
Uncoated 
Zinc  coated 
Zinc  coated 
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Symbol 

Project 

Ref 

No. 

Diameter 

ft 

ks 

ft 

Remarks 

• 

Milan 

4 

0.82 

0.000071 

Zinc  coated 

X 

San  Gabriel 

2 

10.25 

o.ooooo4 

Enameled 

A 

San  Gabriel 

2 

4.25 

0.000152 

Enameled 

+ 

Hoover 

5 

0.83 

0.000133 

Galvanized  pipe 

▼ 

Fort  Randall 

9 

22.00 

0.000936 

Tar  coated 

0 

Fort  Randall 

7 

22.00 

0.000382 

Tar  coated 

A 

Fort  Randall 

6 

22.00 

0.000008 

Vinyl  painted 

V 

Garrison 

8 

24.00 

0.000005 

Vinyl  painted 

4.  Design  Criteria.  The  ks  values  listed  in  the  tabulation  below 
are  recommended  for  use  in  sizing  cast  iron  and  steel  pipes  and  conduits 
to  assure  discharge  capacity.  The  values  for  large  steel  conduits  with 
treated  interiors  should  also  be  useful  in  the  design  of  surge  tanks  under 
load  acceptance.  The  recommended  values  result  from  analysis  of  500  ks 
computations  based  on  the  data  presented  in  Chart  224-1/1  and  in  table  H 
of  reference  1.  The  data  are  limited  to  continuous  interior  iron  and  steel 
pipe.  The  recommended  values  are  approximately  twice  the  average  experi¬ 
mental  values  for  the  conditions  indicated.  The  large  increase  in  ks 
values  for  large  size  tar-  and  asphalt- treated  conduits  results  from 
heavy,  brushed-on  coatings. 


Diameter 

ft 

Treatment 

^s 

ft 

Under  1.0 

Tar  dipped 

0.0001 

1  to  5 

Tar  coated 

0.0003 

Over  5 

Tar  brushed 

0.0020 

Under  6 

Asphalt 

0.0010 

Over  6 

Asphalt  brushed 

0.0100 

All 

Vinyl  or  enamel  paint 

0.0001 

All 

Galvanized,  zinc  coated 

or  uncoated 

0.0006 

5.  Velocity.  The  smooth  pipe  curve  in  Chart  224-l/l  is  recommended 
for  all  design  problems  concerned  with  momentum  and  dynamic  forces  (water 
hammer,  surge  tanks  for  load  rejection,  critical  low  pressures  at  bends, 
branches,  offsets,  etc.). 

6.  Aging  Effects.  Interior  treatment  of  pipes  and  conduits  is  of 
importance  to  their  service  life.  Chemical,  organic,  and  inorganic  de¬ 
posits  in  steel  pipes  and  conduits  can  greatly  affect  the  resistance  losses 
and  conduit  capacity  over  a  period  of  time.  Data  by  Moore10  indicate  that 
over  a  30-year  period  incrustation  of  iron  bacteria  up  to  1  in.  thick 
formed  in  uncoated  8-in.  water  pipe.  Similar  conditions  prevailed  in 
10-in.  pipe  where  the  bond  between  the  pipe  and  the  interior  coal  tar 
enamel  was  poor.  Computed  ks  values  for  these  pipes  were  0.03  and 

0.02  ft,  respectively.  Data  compiled  by  Franke11  indicate  that  organic 
and  inorganic  incrustations  and  deposits  in  steel  conduits  up  to  6  ft  in 
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diameter  increased  resistance  losses  by  as  much  as  100  to  300  percent  with 
ks  values  increasing  100  percent.  The  data  indicate  that  the  interiors  of 
some  of  the  conduits  were  originally  treated  with  a  coat  of  bitumen.  The 
changes  occurred  in  periods  of  5  to  17  years. 

7.  Conduit  Shape  Effects.  (See  paragraphs  5&  and  e,  HDC  Sheet  224-1.) 
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HYDRAULIC  DESIGN  CRITERIA. 


SHEETS  224-1/2  TO  224-1/4 
RESISTANCE  COEFFICIENTS 
CORRUGATED  METAL  PIPE 


1.  Known  hydraulic  head  loss  investigations  for  corrugated  metal 
pipe  in  the  United  States  date  back  to  1914.^-  Extensive  U.  S.  Department 
of  Agriculture  tests  at  Iowa‘S  were  published  in  1926.  The  results  of 
more  recent  tests  at  St.  Anthony  Falls  Hydraulic  Laboratory, 3  Bonneville 
Hydraulic  Laboratory, ^  the  U.  S.  Army  Engineer  Waterways  Experiment 
Station  (WES),5  and  others°j7?8  have  been  summarized  in  Charts  224-1/2  to 
224-1/4.  These  data  are  for  full-pipe  flow  and  large  length- diameter 
ratios.  Resistance  data  obtained  in  the  Bonneville  tests  with  paved  in¬ 
verts  are  also  shown. 

2.  Types  of  Corrugated  Metal  Pipe.  Metal  pipe  with  annular  corru¬ 
gations  0.5  in.  deep  spaced  at  intervals  of  2.67  in,  has  been  accepted  as 
standard  in  the  United  States  for  many  years  (Chart  224-1/2).  A  new  type 
of  corrugated  metal  pipe  having  annular  corrugations  1  in.  deep  spaced 

3  in.  apart  is  commercially  available.  Large  diameter,  field- assembled 
structural  plate  pipe  having  annular  corrugations  2  in.  deep  spaced  6  in. 
apart  has  come  into  general  use.  Also,  helical  corrugated  metal  pipe  in 
sizes  of  6  to  96  in.  is  presently  being  manufactured. 9  The  pitch  and 
depth  of  the  corrugations  vary  from  1.5  in.  and  0.25  in.,  respectively, 
for  the  small  size  pipe  to  3.0  in.  and  1.0  in.,  respectively,  for  the 
large  size  pipe.  Available  limited  test  data  indicate  that  the  helical 
corrugated  pipe  is  structurally  superior  to  equivalent  standard  corru¬ 
gated  pipe,l° 

3.  The  available  experimental  data  for  standard  corrugated  metal 
pipe  are  generally  for  full-scale  tests  using  commercially  fabricated  pipe. 
Available  experimental  data  for  structural  plate  and  the  new  type  of  cor¬ 
rugated  pipe  are  basically  limited  to  large-scale  model  tests.  The  1:4- 

or  quarter- scale  model  tests  of  standard  5-ft-diameter  corrugated  pipe  at 
WES  indicate  somewhat  higher  resistance  coefficients  than  the  Bonneville 
5-ft-diameter  prototype  tests  (Chart  224-1/2).  This  is  attributed  to  a 
minor  difference  in  the  relative  corrugation  size  in  the  model  and  the  pro¬ 
totype.  The  full-scale  Alberta  structural  plate  pipe  test  data,  k/d  = 
0.0339  (Chart  224-1/3)  indicate  about  10  percent  higher  f  coefficients 
than  comparable  WES  model  test  results  adjusted  8  percent  for  field  bolt 
effects. 5 

4.  Charts  224-1/2  and  224-1/3  show  values  of  the  Darcy-Weisbach  re¬ 
sistance  coefficient  (f)  versus  Reynolds  number  (Re)  computed  from  the 
observed  test  data.  The  equations  used  for  the  plots  are 
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The  symbols  are  defined  in  Chart  224-1/2. 

5.  Values  of  the  Manning's  n  versus  pipe  diameter  resulting  from  the 
test  data  and  recommended  for  design  are  shown  in  Chart  224-1/4.  The 
basic  Manning  equation  is 


lW/2R2/3 


The  terms  are  defined  in  the  chart.  The  relation  between  f  and  n  is 
given  in  Sheets  224-3  to  224-7.  Recommended  design  curves  of  Manning's  n 
for  various  pipe  diameters  are  given  in  Chart  224-1/4.  Also  shown  are 
limited  experimental  data3  for  standard  corrugated  pipe  arches.  The  n 
values  plotted  in  this  chart  are  computed  from  the  average  maximum  values 
of  f  observed  on  corrugated  pipe.  The  3-ft-diameter  f  vs  Re  curve 
shape  in  Chart  224-1/2  was  used  to  extrapolate  to  maximum  f  values  for 
the  smaller  pipe  sizes.  A  similar  procedure  was  used  to  extrapolate  to 
the  maximum  values  for  the  data  curves  in  Chart  224-1/3.  The  curves  for 
structural  plate  pipe  shown  in  the  charts  are  principally  based  on  results 
of  WES  tests  on  model  pipe  having  a  corrugation  depth-to-pitch  ratio  of 
1  to  3«  The  Bossy 5  procedure  was  used  to  adjust  the  WES  model  data  for 
the  additional  resistance  attributable  to  bolts  required  in  field  assembly 
of  prototype  pipe. 
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6.  Helical  Corrugations.  Resistance  coefficients  have  been  reported 
by  Chamberlain,'^  Garde, o  and  Rice11  on  small  size  helical  and  standard  cor¬ 
rugated  pipe  of  comparable  size.  The  following  tabulation  summarizes 
their  findings. 


Pipe 

Size,  in. 

Type 

k/d 

f 

n 

Ref 

No. 

8 

Helical 

0.03 

0.037 

0.013 

11 

12 

Helical 

0,04 

0.042 

0.015 

11 

12 

Helical 

o.o4 

0.048 

0.016 

8 

12 

Standard 

0.08 

0.126 

0.026 

8 

12 

Standard 

0.08 

0.117 

0.026 

7 

12 

Helical 

o.o4 

o.o4o 

0.015 

7 

All  tests  were  made  with  Reynolds  numbers  from  105  to  10^.  The  resistance 
coefficient  was  found  to  be  essentially  constant  for  each  pipe  tested. 
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7.  The  tabulation  above  indicates  that  the  resistance  coefficient 
for  small- diameter  helical  corrugated  pipe  is  about  33  percent  of  that  for 
comparable  standard  corrugated  pipe  and  about  58  percent  in  terms  of 
Manning's  n.  These  percentages  will  be  different  for  other  size  pipe  de¬ 
pending  upon  the  corrugation  pitch,  depth,  and  inclination  with  the  pipe 
axis.  Presently  available  data  are  limited  to  small  size  pipe  having  cor¬ 
rugations  inclined  about  65  deg  to  the  pipe  axis.  For  large  diameter 
helical  corrugated  pipe  the  n  values  given  in  Chart  224-1/4  for  standard 
unpaved  corrugated  pipe  are  recommended  for  design. 

8.  Application.  The  Manning's  n  curves  presented  in  Chart  224-1/4 
are  recommended  for  preliminary  design  purposes.  The  data  presented  in 
Charts  224-1/2  and  224-1/3  permit  more  accurate  evaluation  of  resistance 
losses  when  the  design  Reynolds  number  is  significantly  different  from  that 
resulting  in  the  peak  values  of  the  resistance  coefficients.  Resistance 
coefficients  based  on  the  model  data  curves  in  Chart  224-1/3  should  be  in¬ 
creased  by  8  percent  when  used  for  field-assembled  pipe.  Caution  should 

be  used  in  extrapolating  the  data  to  other  types  of  corrugations. 
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where: 

A=  3.3K 

f  =  DARCY  RESISTANCE  COEFFICIENT 

hf=  FRICTION  LOSS,  FT 

L  =  PIPE  LENGTH,  FT 

0  =  PIPE  DIAMETER,  FT 

V=  AVERAGE  VELOCITY,  FPS 

9=  ACCELERATION,  GRAVITATIONAL ,  FT/SEC  2 

\>=  KINEMATIC  VISCOSITY,  FTVSEC 
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INCREASE  MODEL  *  BY  8  PERCENT  FOR 
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CORRUGATED  METAL  PIPES 
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FULL  PIPE  FLOW 
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V  =  AVERAGE  VELOCITY,  FPS 
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SHEETS  224-1/5  AND  224-1/6 
RESISTANCE  COEFFICIENTS 
UNLINED  ROCK  TUNNELS 


1.  Purpose.  Unlined  rock  tunnels  have  been  built  for  flood  flow 
diversion  and  for  hydropower  tunnels  where  the  rock  is  of  sound  quality 
and  not  greatly  jointed  and  fractured.  Hydraulic  Design  Charts  224-1/5 
and  224- l/6  summarize  available  flow  resistance  data  for  unlined  rock  tun¬ 
nels  and  should  be  useful  in  estimating  head  losses  resulting  from  bound¬ 
ary  roughness. 

2.  General.  The  decision  whether  to  line  a  water- carrying  tunnel 
or  to  leave  it  unlined  involves  a  number  of  factors  that  affect  the 
economic  aspects  ol  a  project.  It  will  generally  be  found  to  be  more 
economical  to  leave  the  tunnel  unlined  unless  high  flow  velocities  are 
involved,  considerable  rock  remedial  treatment  is  required,  or  lining  in 
fractured  rock  zones  is  necessary.  Operating  experiences  of  over  60  years 
have  shown  that  unlined  power  tunnels  are  economical  both  in  initial 
construction  and  in  maintenance.1) 2,3 > 4  However,  the  possibility  of 
small  rock  falls  resulting  in  turbine  damage  and  penstock  abrasion  re¬ 
quires  periodic  tunnel  inspection,  especially  during  the  first  few  years 
of  operation. 

3.  Tunnel  invert  paving  may  be  economically  justified  to  (a)  elimi¬ 
nate  possible  damage  to  downstream  turbines  or  penstocks  from  migrating 
invert  muck,  thereby  permitting  greater  flow  velocities,  and  (b)  facil¬ 
itate  tunnel  inspection,  maintenance,  and  rock  trap  clean  out.  In  some 
cases  it  may  be  preferable  to  provide  for  tunnel  invert  cleanup  using  air 
and  water  jetting  during  construction.  The  proper  balance  between  de¬ 
sign  velocity,  provision  of  rocx  traps,  and  tunnel  invert  paving  should 
be  based  on  economic  considerations. 

4.  Tunnel  Stability  and  Shape.  The  determination  of  the  structural 
stability  of  an  unlined  tunnel  in  rock  and  the  need  for  partial  or  total 
tunnel  lining  depends  on  the  findings  of  subsurface  geologic  exploration 
and  a  thorough  study  of  the  existing  rock  structure.  The  possible  loss 

of  flow  through  faults  and  fissures  as  well  as  heavy  flows  into  the  tunnel 
during  construction  should  be  investigated.  Structural  stability  of  the 
tunnel  will  usually  require  a  rounded  roof.  A  flat  or  nearly  flat  invert 
has  been  found  to  be  advantageous  for  economical  tunnel  blasting  and  muck 
removal  operations.  The  tunnel  shape  preferred  by  many  contractors  is  the 
straight -legged  horseshoe  or  some  modified  horseshoe  shape. 5  The  added 
hydraulic  advantage  of  circular  or  nearly  circular  cross  section  has  not 
generally  justified  the  resulting  increased  tunneling  complexity  and  cost. 
In  the  present  study  only  one  of  42  tunnels  investigated  was  found  to  be 
circular  in  shape.  Almost  all  the  others  were  horseshoe  or  modified 
horseshoe  shaped. 
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5.  Overbreak.  Overbreak  as  defined  herein  is  the  difference  between 
the  minimum  allowable  and  the  actual  average  tunnel  dimensions.  The  sketch 
in  Chart  224- l/6  graphically  defines  this  terminology.  The  amount  of  over¬ 
break  determines  to  a  great  extent  the  tunnel  roughness  and  thus  resistance 
to  the  flow.  There  are  many  factors  that  influence  the  amount  of  over¬ 
break,  such  as  type  and  quality  of  rock,  blasting  technique,  direction  of 
driving  relative  to  bedding  planes,  etc.  The  amount  of  overbreak  varies 
from  about  10  in.  in  the  best  granites  to  18  in.  in  very  blocky  or  lami¬ 
nated  shales  and  sandstones. 5  More  stringent  control  of  overbreak  usually 
results  in  higher  costs. 

6.  Tunnel  Hydraulics.  Generally,  velocities  in  unlined  tunnels 
should  not  exceed  10  fps  except  during  diversion  flow  when  velocities  to 
about  15  fps  may  be  acceptable.  For  a  tunnel  with  downstream  turbines, 
penstocks,  or  valves,  it  has  been  recommended  that  velocities  be  limited 
to  5  fps  or  less2  to  prevent  damage  from  migration  of  tunnel  muck  fines 
and  rock  falls.  In  addition,  it  is  usually  necessary  to  provide  one  or 
more  rock  or  sand  traps  along  the  tunnel  invert  upstream  of  turbines  to 
collect  any  migrating  material.  The  development  of  satisfactory  rock 
trap  design  and  size  is  presented  in  references  6  and  7. 

7.  Theory.  In  unlined  rock  tunnels  the  resistance  coefficient  is 
independent  of  the  Reynolds  number  because  of  the  large  relative  roughness 
value  usually  obtained.  Thus  the  Von  Karman-Prandtl  equation  for  fully 
rough  flow  based  on  the  Nikuradse  sand  grain  data  should  be  applicable. 

This  equation  in  terms  of  Darcy's  f,  pipe  diameter  Dm  ,  and  equivalent 
sand  grain  diameter  ks  is 

£ = 2  iog  (y  * ia4  u) 

A  measure  of  overbreak  k  (see  reference  8)  in  unlined  tunnels  can  be  ex¬ 
pressed  as 


where  Dm  and  Dn  are  the  equivalent  diameters  based  on  the  areas 
and  An  as  shown  in  Chart  224-1/6.  The  relative  roughness  of  the  tunnel 
also  can  be  expressed  as 


(3) 


The  k  dimension  is  approximately  twice  the  mean  overbreak  thickness  and, 
therefore,  is  a  parameter  similar  to  the  Nikuradse  sand  grain  diameter  ks  . 
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8.  Resistance  Coefficients.  Considerable  information  on  resistance 
in  unlined  rock  tunnels  as  well  as  field  experience  has  been  published 
since  1953  (references  1,  2,  4,  5>  6>  7,  9,  and  10).  Data  published  in 
references  1,  2,  6,  and  9~--5  have  been  analyzed  in  accordance  with  equa¬ 
tion  3  above,  summarized  in  Chart  224-1/5,  and  plotted  in  Chart  224-1/6. 
The  relation  between  Darcy's  f,  Manning's  n,  and  tunnel  diameter  given  on 
page  1  of  Sheets  224-3  to  224-7  was  used  to  convert  the  published  resist¬ 
ance  coefficients  as  required  for  tabulating  and  plotting.  The  relation 
between  f  ,  Dm  ,  and  ks  expressed  by  equation  1  above  is  also  shown  in 
Chart  224- l/6.  The  experimental  data  correlate  well  with  the  theoretical 
curve  and  indicate  that  k  (equation  2)  is  a  reasonably  good  measure  of 
the  tunnel  roughness.  The  user  is  cautioned  that  the  data  presented  in 
Charts  224-1/5  and  224- 1/6  are  in  terms  of  the  mean  driven  ("as  built"  av¬ 
erage)  tunnel  areas  (Am). 

9.  Application. 


a.  Preliminary  design.  The  average  of  the  Manning's  n  values 
tabulated  in  Chart  224-1/5  is  0.033  and  is  based  on  the  mean 
driven  area  Am  .  This  value  can  be  used  in  preliminary  de¬ 
sign  and  economic  analyses  for  average  rock  and  blasting 
conditions. 


b.  Final  design.  Once  a  preliminary  mean  driven  area  is  estab¬ 
lished,  the  final  design  can  proceed,  using  Chart  224-1/6. 

An  estimate  of  tunnel  overbreak  or  relative  roughness  (DmA) 
is  required  for  estimating  resistance  losses.  An  estimate 
of  the  overbreak  depth  k  can  be  obtained  from  previous 
tunnel  experience  in  similar  geologic  areas  or  by  studying 
the  data  tabulated  in  Chart  224-1/5.  Detailed  studies  of 
the  local  geology  as  well  as  the  blasting  experience  of 
potential  contractors  are  useful  in  estimating  the  expected 
tunnel  roughness.  The  area  obtained  in  the  preliminary  de¬ 
sign  should  be  used  in  the  first  trial  of  the  computation 
to  determine  the  required  diameter  for  the  given  discharge, 
energy  gradient,  and  surface  roughness.  After  tunnel  driv¬ 
ing  begins,  the  overbreak  can  be  measured  and  a  value  of 
Dm/k  computed  to  check  the  final  design  assumptions.  Low 
values  of  f  should  be  used  in  computations  made  to  deter¬ 
mine  power  tunnel  surge  tank  stability  and  surge  tank 
levels  during  load  rejection.  High  values  of  f  should  be 
used  to  compute  surge  tank  levels  during  power  tunnel  load 
acceptance. 
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No 

Ref. 

No 

Project 

Location 

Type  of  Rock 

Invert  Lining 

An,  Nominal 
or  Design 
Area,  ft* 

Am,  Mean 
Driven 
Area,  ft* 

D  /k 
m 

n 

m 

f 

m 

, 

1.  10 

Alfta 

Sweden 

Granite -gneiss 

Negligible 

323 

364 

17.3 

0.036 

0.086 

2 

10 

Blasjon 

Sweden 

Gneiss  -mica  -schist 

Asphalt  paved 

581 

615 

35.9 

0.028* 

0.047 

3 

10 

Donje 

Sweden 

Gneiss 

Concrete  aiches 

1345 

1521 

16.8 

0  034* 

0.070 

4 

1,  10 

Jarpstrommen 

Sweden 

Upper  Silurian 
slate  horizontally 
stratified 

Negligible 

1130 

1230 

24.1 

0.029 

0.048 

5 

10 

Krokstrommen 

Sweden 

Granite,  with  large 
amount  of  feldspar 

Negligible 

969 

1094 

17.0 

0.029 

0.048 

6 

1,  10 

Niss&strom 

Sweden 

Granite-gneiss 

Concrete  arches 

323 

394 

10.6 

0.037* 

0.101 

7 

1,  10 

Porjus  1 

Sweden 

Granite -gneiss 

Negligible 

53p 

618 

14.9 

0.034 

0.073 

8 

1,  10 

Porjus  II 

Sweden 

Granite -gneiss 

Negligible 

538 

662 

10.2 

0.030 

0  055 

9 

1,  10 

Sel*for«k 

Sweden 

Black  slate  with 
granite  intrusions 

NKC 

753 

866 

14.8 

0.044 

0.114 

10 

1,  10 

Sillre 

Sweden 

Vein  gneiss 

Negligible 

54 

71 

7.7 

0.034 

0,102 

11 

1,  10 

Sunnerstaholm 

Sweden 

Granite-gneiss 

Minor 

323 

386 

11,6 

0.039 

0.104 

I2d 

10 

Tasan 

Sweden 

Gneiss 

Miner 

183 

185 

170.6 

0.033 

0  081 

13 

1 

Torpthammar 

Sweden 

Gneiss -granite  and 
some  diabase 

NK 

646 

689 

31.5 

0.027 

0.045 

14 

11 

S  talon 

Sweden 

Sparagmite-quartzite 

Negligible 

645 

705 

23.0 

0.030 

0  055* 

IS 

12 

Tokke  1 

Norway 

Variable  -greenstone 
quartzite  schist  and 
metamorphic  quartz 
sandstone 

None 

807 

861 

31.8 

0.031 

0.055* 

16 

12 

Innset 

Norway 

NK 

None 

366 

384 

41.7 

0.030 

0.059* 

17 

12 

Tunnajo 

Norway 

Phyllite  and  mica 
schist 

None 

398 

435 

25.5 

0.031 

0.062* 

18 

12 

Tunnsjodal 

Norway 

Greenstone,  granite 
gabbro.  Also  phyllite 
and  mica  schist 

None 

484 

508 

41.7 

0  030 

0.055* 

19 

12 

Tussa 

Norway 

NK 

None 

81 

89 

21.7 

0  032 

0.085* 

20 

12 

Mykstufoss 

Head  Race 

Norway 

Quartz,  mica,  and 
feldspar  both 
granitic  and  gneissic 

None 

592 

670 

19  7 

0  031 

0.058* 

21 

12 

Mykstufoss 

Tail  Race 

Norway 

Gneiss,  quartzite, 
and  some  micaceous 
amphibolite 

None 

592 

639 

26.9 

0.035 

0.074' * 

22d 

12 

Langvatn8 

Norway 

Silicates  with  lime¬ 
stone  and  dolomite 
•  ills 

None 

1507 

1510 

877 

0.033 

0.060* 

23 

6 

Eucumbene  • 
Tumut 

Australia 

36%  granite,  64% 

metamorphUcd 

sedimentary 

Concrete,  paved 
flat 

396 

445 

17  6 

0.029 

0.054 

24 

6 

Tooma-Tumut 

Australia 

Granite 

Concrete,  paved 
flat 

125 

153 

10.1 

0.031 

0  074 

25 

6 

Murrumbidgee- 

Eucumbene® 

Australia 

10%  granite,  90% 

metamorpblzed 

sedimentary 

Smoothed  muck 

100 

127 

8.9 

0.036 

0.104 

26 

11 

Eucumbene* 

Snowyl 

Australia 

94%  granite,  6% 

metamorphized 

sedimentary 

Concrete,  paved 
flat 

350 

425 

10.6 

0.013 

0.072 

27 

14 

Kiewa  No.  3 

Australia 

Granodiorite 

Muck  not  sluiced 

200 

255 

8.7 

0.038 

0.102* 

28 

14 

Kiewa  No.  4 

Australia 

Gneiss -intruded  by 
granodiorite 

Concrete 

200 

238 

12.0 

0.038 

0.105* 

29 

14 

Lower  West 
Kiewa 

Australia 

Gneiss -intruded  by 
granodiorite 

Muck  not  sluiced, 
track  left  in 

63 

78 

12.0 

0.037 

o  m* 

30 

14 

Kiewa  No,  1 

Australia 

Gneiss -intruded  by 
granodiorite 

Sluiced  muck 

150 

200 

7.5 

0.041 

0.122* 

31 

11 

Telom 

Malaysia 

Closely -jointed 
granite 

compacted  muck, 
track  removed 

87 

105 

11  0 

0  030 

0  081 

32 

9 

Cresta 

California 

Granite 

NK 

578 

656 

16.3 

0  035 

0.075 

33 

9 

West  Point 

California 

Granite 

NK 

180 

222 

10.0 

0.03) 

0.080 

34 

9 

Dear  River 

California 

Granite 

NK 

82 

93 

16.4 

0  028 

0  0o6 

35 

9 

Raich 

California 

Granite 

NK 

144 

169 

1  3.0 

0.0)2 

0.079 

J6 

9 

Haas 

CaWorma 

Granite 

NK 

151 

184 

lO.b 

0  0)0 

0.008 

37 

9 

Cherry 

California 

Granite 

NK 

111 

150 

17.1 

0  0)4 

0.090 

38 

9 

Ja>bird 

California 

Granite 

NK 

177 

195 

21.0 

0  032 

o.o  n 

39 

2 

Big  Creek  3 

California 

Granite 

Unlined 

4  34 

515 

12.2 

0  0)5 

0.07?4 

4  3 

2 

Big  Creek  4 

California 

Granite 

Concrete  paved 

409 

462 

lb. 9 

0.0)0 

0.057* 

U 

2,  13 

Mammoth  Paul 

California 

Granite 

Concrete  paved 

3  36 

*67 

23  0 

0  029 

0  0«*s* 

12 

15,  16 

Apalachia 

7  ennessee 

Quartzite  and  slate 

Smoothed  muck 

346* 

401* 

13.9 

0  Oib 

0.09t> 

Computed  from  f 


18,5 


°  Cross  •section  shape  not  constant 
c  NW  not  known 
d  ;l»t  plotted  on  HOC.  221-1/6 
e  Tost*  may  hav*  been  for  free  surface  flow 

*  Average  of  20*  and  4*2 -ft  diameters 

8  Cross-section  area  and  hydraulic  measurement* 
are  believed  to  be  in  error 
k  Muck  (except  for  large  rocks)  cleaned  out  by  flow 

*  Discharge  measurements  may  be  in  error  Data 

being  reanalyzed  by  contributor 
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HYDRAULIC  DESIGN  CRITERIA 
SHEET  224-2 

CONDUIT  SECTIONS 

HYDRAULIC  ELEMENTS 

PRESSURE  FLOW 


1.  The  Darcy  resistance  factor,  being  expressed  in  terms  of  conduit 
diameter,  is  theoretically  applicable  only  to  conduits  of  circular  cross 
section.  However,  the  concept  of  equivalent  hydraulic  diameter  has  been 
devised  by  Schiller  and  Nikuradse*  to  make  the  Darcy  f  applicable  to 
noncircular  sections.  This  concept  assumes  that  the  resistance  losses  in 
a  noncircular  conduit  are  the  same  as  those  in  a  circular  conduit  having 
an  equivalent  hydraulic  radius  and  boundary  roughness.  A  WES  study**  has 
shown  that  the  equivalent  hydraulic  diameter  concept  is  applicable  to  all 
conduit  shapes  normally  encountered  in  hydraulic  structure  design. 

2.  The  equivalent  diameter  is  derived  from 


D  = 


D  =  4R 


4A 

WP 


where  R  is  the  hydraulic  radius  of  the  noncircular  conduit,  A  is  the 
cross-sectional  area,  WP  is  the  wetted  perimeter,  and  D  is  the  diameter 
of  a  circular  conduit  having  the  same  hydraulic  radius.  Hydraulic  Design 
Chart  224-2  is  presented  as  an  aid  in  the  computation  of  equivalent 
hydraulic  diameter  for  various  common  conduit  shapes. 


*  Schlichuing,  H. ,  Boundary  Layer  Theory,  English  translation  by 
J.  Kestin,  McGraw-Hill  Book  Co.,  Inc.,  New  York,  I960. 

**  U.  S.  Army  Engineer  Waterways  Experiment  Station,  CE,  Resistance  Losses 
in  Noncircular  Flood  Control  Conduits  and  Sluices,  by  R.  G.  Cox. 
Miscellaneous  Paper  H-73-1,  Vicksburg,  Miss.  January  1973. 
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HYDRAULIC  DESIGN  CRITERIA 
SHEETS  224-3  TO  224-7 
STRAIGHT  CIRCULAR  CONDUIT  DISCHARGE 


1.  The  basic  equation  for  discharge  in  an  outlet  works  tunnel  or 
conduit  is: 

Q  =  Ac^K  +  Kf  +  1.0 

Vfoere  K  is  an  intake  coefficient  which  includes  entrance  losses,  gate 
slot  losses,  and  transition  losses.  The  value  Kf  can  be  expressed  in 
terms  of  the  Darcy-Weisbach  friction  factor  as  follows: 


No  simple  equation  is  available  for  direct  solution  of  the  diameter  re¬ 
quired  to  pass  a  given  discharge  in  view  of  the  fact  that  the  area  of 
the  conduit  (Ac)  and  the  friction  coefficient  (Kf)  are  both  dependent 
upon  the  diameter  (D).  The  design  then  requires  successive  approxima¬ 
tions  by  computing  the  discharge  for  assumed  values  of  diameter. 

2.  Hydraulic  Design  Chart  224-3  is  a  design  aid  for  reducing  the 
computation  effort  in  determining  the  diameter  required  for  passing  a 
given  discharge  through  a  straight  conduit.  The  Darcy- WeiBbach  friction 
factor  "f"  is  used  as  the  ordinate  rather  than  Manning's  "n"  for  simplic¬ 
ity  in  application.  The  f  factor  varies  as  the  first  power  of  the  diam¬ 
eter  whereas  in  Manning's  formula,  n  varies  as  the  two- thirds  power  of 
the  diameter.  The  chart  is  prepared  for  an  assumed  K  value  of  0.10. 

3.  Many  design  engineers  still  prefer  to  use  Manning's  n  instead 
of  the  Darcy-Weisbach  friction  factor  f  .  Therefore,  Hydraulic  Design 
Chart  224-4  is  included  as  an  alternate  design  aid  for  reducing  the 
computation  effort  in  determining  the  diameter  required  for  passing  a 
given  discharge.  This  chart  presents  a  family  of  curves  of  various 
L/D4/3  ratios  plotted  to  show  the  relationship  between  Manning's  n 

and  the  discharge  coefficient  K'  . 

4.  Hydraulic  Design  Chart  224-5  is  in  the  form  of  the  Moody  diagram 
with  families  of  lines  drawn  to  show  the  comparison  of  the  Darcy-Weisbach 
f  with  the  Manning's  n  for  various  values  of  the  velocity- diameter 
ratio.  The  equation  which  relates  f  to  n  is  expressed: 

,  185u2 

f  '?7r 


224-3  to  224-7 


This  equation  can  be  evaluated  in  terms  of  the  VD  product  if  the 
velocity  is  defined  as  so  many  diameters  per  second.  The  velocity- 
diameter  product  as  used  corresponds  to  a  Reynolds  number  with  water 
at  60°  F. 

5.  A  sample  computation  employing  Charts  224-3  and  224-5  is  given 
on  Chart  224-6.  An  assumed  diameter  together  with  the  required  discharge 
fixes  the  velocity-diameter  ratio  and  the  velocity-diameter  product. 

An  alternate  sample  computation  employing  Chart  224-4  is  given  on  Chart 
224-7.  The  design  aids  presented  facilitate  an  estimate  of  the  required 
diameter,  although  it  may  be  desirable  to  make  the  final  determination 
of  the  discharge-head  relationship  analytically. 
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HYDRAULIC  DESIGN  CRITERIA 
SHEETS  224-3/1  TO  224-3/4 
STRAIGHT  CIRCULAR  CONDUIT  DISCHARGE 


Hydraulic  Design  Charts  224-3/1  to  224-3/4  are  design  aids  for 
reducing  computation  effort  in  determining  the  diameter  required  for 
a  given  discharge  through  a  straight  conduit.  These  charts  are  pre¬ 
sented  as  supplements  to  Chart  224-3.  Chart  224-3  presents  various 
L/D  ratios  as  a  function  of  the  Darcy -YIeisbach  friction  factor  "f" 
and  a  discharge  coefficient  "K'."  Chart  224-3  was  prepared  for  a  com¬ 
bined  loss  coefficient  other  than  friction  of  0.10.  Charts  224-3/1 
to  224-3/4  are  based  on  combined  loss  coefficients  of  0.20,  0.30, 

0.40,  and  0.50. 


224-3/1  to  224-3/4 
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WHIM: 

q  s  discharge  in  cfs 

Ac  =  AUA  OF  CONDUIT  IN  «Q  FT 
K*  =  DISCHARGE  COEFFICIENT 
H  3  AVAILABLE  HEAD 


K  =  020 


STRAIGHT  CIRCULAR  CONDUITS 

DISCHARGE  COEFFICIENTS 

HYDRAULIC  DESIGN  CHART  224- 3/1 


wit  l-M 


STRAIGHT  CIRCULAR  CONDUITS 
DISCHARGE  COEFFICIENTS 

HYDRAULIC  OCRICN  CHART  224- V2 


WCS  >-M 


INI 


— 


lilt 


IW1I 


mi 


IVIVlIHUltfl ihiiiiiiiiiiiiiiii 

BslISH 

mwhbmiwmbhwm 

nsad 


■•■■■■■■•■■■I 


■■■■■■■■■■■•■I 


■■■■■■■■■a 


■  tSktSfe  ■5naa 

■l  iSmSS  i55i 


:s: 

■3i 


IfttHI 


Bill 


■kiaiii 


Illlill 

lilMIII 
■  IIHI'B 


liSw  iatjl! 

B  !■  •Alia* AMI 

iub  IIIMMN 

■  itaiiAi 


in  aiHi  ■■■■■■■■■■■■■■■! 
■it  in  aaaaasBBaaaBsial 


liiiiiai  ■■■■■■■■■■■■■■■■■■I 

■  ■  mi  «■■■■  ■■■■■■■■■■! 


■  IIMl 


n/k»k^*«jo 


Q  .  AcK'  ViT 


o  a  WtCHAACl  IN  cn 


A*  =  AKA  or  CONOOtT  IN  *Q  FT 
K  3  wkhaaoc  coernc*NT 


H  3  AVAIL AN-i  MCAO 


K  =  0.40 


STRAIGHT  CIRCULAR  CONDUITS 
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WATERWAYS  EXPERIMENT  STATION 
COMPUTATION  SHEET 

Jot:  CW  804 _ PAQjtcT:  JOHN  DOE  DAM  sue.ucT:  CIRCULAR  CONDUITS 

Computations*  REQUIRED  DIAMETER  FOR  DESIGN  DISCHARGE _ 

computio  Bv :  RGC  Oats:  10/22/52  CHtcxto  »y:  AAMC  DATt:  10-27-S2 

DESIGN  REQUIREMENTS  DESIGN  ASSUMPTIONS 

Discharge  (Q)  *  20,000  cfs  Composite  coefficient  (K)  =  o.lO 

Length  of  conduit  (L)  ■  1,000  ft  Nanning's  »n*  *  0.012 

Available  head  (H)  «  loo  ft 
Required  conduit  diameter  (0)  to  be  determined 

TRIAL  COMPUTATIONS  -  Charts  224-3  and  224-5 
Assume  D  «  20  ft 
Then: 

Area  of  conduit  (Ac)  ■  314  sq  ft 

20,000 

Velocity  (V)  - - -  63.7  ft/sec 

314 

-  ratio  *  — —  «  3. 18 

0  20 

VD  product  ■  63.7  x  20  ■  1274 

L  ,  1000 

-  ratio  «  — —  *  50 

0  20 

Enter  Hydraulic  Design  Chart  224-5  on  Ordinate  VD  ■  1274  locating  V/D  ratio 
value  »  3. 18  between  line  V/0  *  3  and  v/D  *  4  having  *n*  value  «  0.012.  Read 
friction  factor  (f)  value  of  0.010  on  scale  at  left  side  of  chart.  Enter  Hydrau¬ 
lic  Design  Chart  224-3  from  left  side  at  friction  factor  value  (f)  ■  0.010.  fol¬ 
low  this  *f  value  across  chart  to  L/D  value  of  50  between  lines  L/D  »  40  and 
L/0  «  50.  Read  discharge  coefficient  value  of  (K')  *  <.35  on  scale  at  bottom  of 
chart.  Use  discharge  formula  on  chart  to  compute  conduit  discharge. 

0  «  ack*  VT 

0  «,  314  x  5.35  VloF  *  19,900  cfs 

NOTE:  If  the  computed  discharge  does  not  approximate  the  required  design  discharge, 
successive  trial  computations  are  required  varying  0  until  the  design  dis¬ 
charge  Is  obtained. 

STRAIGHT  CIRCULAR  CONDUITS 

SAMPLE  DISCHARGE  COMPUTATION 

HYDRAULIC  OESION  CHART  22/. « 
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WATERWAYS  EXPERIMENT  STATION 
COMPUTATION  SHEET 


Paojcct-.  JOHN  DOE  DAM  SuejecT:  CIRCULAR  CONDUITS 
REQUIRED  DIAMETER  FOR  DESIGN  DISCHARGE _ 


J  o  » ;  CW  804 

Computations: _ 

Computio  »v:  R6C  Date:  1/23/53  Chicked  >y:  AAMC  Pats:  2/3/53 


DESIGN  REQUIREMENTS 


DESIGN  ASSUMPTIONS 


Olscharge  (Q)  «  20,000  cfs 
Length  of  conduit  (L)  =  1000  ft 
Available  head  (H)  =  100  ft 
Required  conduit  diameter  (0)  to  be  determined 

TRIAL  COMPUTATION  —  Chart  224-4 
Assume  0  «  20  ft 
Them 

Area  of  conduit  (Ac)  «  314 

K  «  0.10 

0H/3  «  (20)4/3  *  34. 3 
1000 


Composite  coefficient  (K)  •*  0.10 
Hanning's  *n*  *  0.012 


L 

7m 


54.3 


•  18.4 


Enter  Hydraulic  Design  Chart  224-4  at  left  side  with  *n*  value  of  0.012.  Traverse 
L  L  L 

chart  to  point  pj *  18.4  between  lines  «  10  and  *  20.  Read  discharge 

coefficient  (K*)  *  8.4  on  scale  at  bottom  of  chart.  Use  discharge  formula  on  Chart 
224-4  to  compute  conduit  discharge. 

0  «  ack -y? 

Q  *  314  x  6.4  xVl'oo'  *  20,100  cfs 

NOTE:  If  computed  discharge  does  not  approximate  the  required  design  discharge  suc¬ 
cessive  trial  computations  are  required  varying  D  until  the  design  discharge 
Is  obtained. 
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STRAIGHT  CIRCULAR  CONDUITS 
SAMPLE  DISCHARGE  C0MPUTATI0H 
MANNING’S  "N"  METHOD 
HY0RAUIIC  DESIGN  CHART  224-7 
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HYDRAULIC  DESIGN  CRITERIA 
SHEETS  224-8  AND  224-9 
CIRCULAR  SECTIONS 
FREE -SURFACE  FLOW 


1.  Hydraulic  Design  Charts  224-8  and  224-9  are  aids  for  reducing 
the  computation  effort  in  design  of  channels  of  circular  section.  Chart 
224-8  is  designed  for  use  with  Charts  610-1  and  6l0-l/l.  Chart  224-9  is 
complete  within  itself.  These  charts  can  be  used  in  conjunction  with  the 
method  for  nonuniform  flow  presented  on  Chart  010-2. 

2.  Basic  Equation.  Chart  224-8  can  be  used  to  determine  normal 
depths  (y  )  for  any  circular  section.  The  curves  on  Chart  224-8  were  de¬ 
veloped  using  the  equations  stated  in  paragraph  2  of  Sheets  610-1  to 
610-7*  Functions  of  the  area  and  hydraulic  radius,  necessary  for  the 
solution  of  the  equations,  were  obtained  from  published  tables! 1). 

3.  Chart  224-9  can  be  used  to  determine  the  critical  depth-diameter 
ratio  from  which  the  critical  depth  can  be  computed;  these  curves  are 
based  on  the  critical  depth  formula! 2) 

Q  =  CD5/2 

4.  Application.  The  ratio  of  normal-depth  to  diameter  (y0/D) 
for  various  sections  can  be  determined  from  Chart  224-8  in  the  manner 
described  in  paragraph  3a,  b,  aad  c,  Sheets  610-1  to  610-7.  The  ratio 
of  critical  depth  to  diameter  can  be  determined  directly  from  Chart 
224-9  for  a  given  discharge  and  diameter. 


3 


1 


I 

1 


^  H.  W.  King,  Handbook  of  Hydraulics,  3d  ed.,  New  York,  N.  Y.,  McGraw- 
Hill  Book  Company  (1939)  /  tables  ICO  and  101,  p  299* 

^  Ibid.,  Table  130,  p  44l. 
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HYDRAULIC  DESIGN  CHART  224-1 


HYDRAULIC  DESIGN  CRITERIA 


SHEET  224-10 
HORSESHOE  CONDUITS 
HYDRAULIC  ELEMENTS 


1.  Hydraulic  Design  Chart  224-10  presents  curves  of  hydraulic 
elements  as  computed  by  the  United  States  Bureau  of  Reclamation*  for 

a  standard  horseshoe  tunnel  cross  section.  This  conduit  shape  is  identi¬ 
cal  with  that  presented  at  the  bottom  of  Hydraulic  Design  Chart  224-2. 

2.  The  flow  cross-sectional  area  (A),  water  surface  width  (T),  and 
wetted  perimeter  (P)  can  be  expressed  in  terms  of  y/H,  in  which  y  is 
the  central  flow  depth  and  H  is  the  central  height  and  width  or  in  terms 
of  the  angle  0  ,  which  is  the  slope  angle  of  the  lower  side  arc  radius 
line  at  the  water  surface  intercept  on  the  lower  side  arc.  Angle  0 
equals  sin“^  (0.5  -  y/H).  The  flow  section  can  be  studied  in  three  separate 
port ions : 


a.  Value  y  varies  from  the  bottom  to  the  intersection  of  the 
lower  side  arcs,  0  £  y/H  <  O.O885. 

^.cos-1 

|  =  2  cos’1  (l  -  $) 

b.  Value  y  varies  from  the  intersection  of  the  lower  side 
arcs  to  half  full,  0.0885  £  y/H  <  0,5  or  0  <  0  <  0.4242  rad. 


~  =  0.4366  -  0 

ft 


+  ! 


iin  0 


H 


1  +  8 


sin 


4 


sm 


*  Hu,  Walter  W. ,  "Hydraulic  Elements  for  the  USSR  Standard  Horseshoe 
Tunnel,"  Transportation  Engineering  Journal  of  ASCE,  Vol  99,  No.  TE4, 
Nov.  1973. 


T  IT x  a •  2  6 J .  2  0 

jj-  =  y  1  +  o  sin  2  ~  ^  Sln  ® 


|  =  1.6962  -  26 


£.  Value  y  varies  from  half  full  to  full,  0.5  £  y/H  £  1.0. 

7  *  °-8293  -  ¥  cos'1  (2  H  -  x)  +  («  •  °-5)/t T7!) 


p 

H 


3.26TO  -  cos'*1  ^2  | 


3.  Other  hydraulic  elements  included  in  Chart  224-10  are  the  hydraulic 
radius,  R  =  A/P  ;  hydraulic  depth,  D  =  A/T  ;  section  factor,  Z  =  aVT)"  ; 
conveyance  of  Manning's  formula,  K  =  1.486  AR2/3  ;  and  the  critical  slope 
for  a  given  normal  depth,  Scn  .  All  are  expressed  as  dimensionless 
ratios  with  respect  to  H  except  Scn  ,  which  is  expressed  in  the  form 

2  4/3  1/3 

Scn/n  =  14.57P  /AT,  where  n  is  the  Manning's  roughness. 
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HYDRAULIC  DESIGN  CRITERIA 


SHEET  225-1 
CIRCULAR  EXIT  PORTAL 
PRESSURE  GRADIENTS 


1.  The  elevation  of  the  intersection  of  the  pressure  gradient  with 
the  plane  of  the  exit  portal  is  a  factor  in  the  computation  of  the  dis¬ 
charge  capacity  of  a  flood-control  conduit.  The  use  of  the  center  of  the 
portal  as  the  position  of  the  pressure  gradient  yields  fairly  accurate  dis¬ 
charge  determination  for  unconstricted  flow  where  the  conduit  is  relatively 
small  in  relation  to  the  design  head.  However,  a  closer  determination  of 
the  pressure  gradient  intersection  is  pertinent  to  the  discharge -capacity 
design  where  the  conduit  size  is  large  in  relation  to  the  head. 

2.  Theory .  A  number  of  investigations  have  been  made  of  velocity 
and  pressure  distribution  in  the  vicinity  of  exit  portals.  Each  investi¬ 
gator  concluded  that  the  intersection  of  the  pressure  gradient  with  the 
plane  of  the  exit  portal  did  not  coincide  with  the  center  of  the  portal 
for  a  free  discharging  jet.  D.  Rueda-Briceno^ 2)  determined  the  location 
of  the  pressure  gradient  as  a  function  of  Froude's  number. 

3.  Basic  Data.  HDC  225-1  shows  the  relative  position  of  the  pres¬ 
sure  gradient  at  an  exit  portal  of  circular  section  (Yp/D)  with  respect 
to  Froude's  number  (F).  The  plotted  data  show  that  the  position  of  the 
pressure  gradient  varies  with  the  support  of  the  jet  downstream  from  the 
portal  plane  as  well  as  with  Froude's  number.  The  geometry  of  the  jet 
support  for  the  various  investigations  is  summarized  below: 

(2) 

a.  State  University  of  Iowa  ( Rueda-Briceno ) .  '  Jet  discharging 

into  air. 

(4) 

b.  Denison  model.  Jet  discharging  into  transition  having 
level  invert  and  sidewalls  flared  1  on  5. 

(  5) 

c.  Denison  prototype.  '  Jet  discharging  into  transition  having 
level  invert  and  parallel  sidewalls  for  50  ft  followed  by 
l-on-5  flared  walls. 

d.  Garrison  model.  1  Jet  discharging  into  transition  having 
parabolic  invert  and  sidewalls  flared  8  on  35. 

e.  Youghiogheny  model Jet  discharging  into  transition 
having  l-on-20  ’doping  invert  and  sidewalls  flared  2  on  3 
followed  by  elliptical  curves. 

( 7) 

f.  Enid  prototype.  Jet  discharging  into  transition  having 
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parabolic  invert  and  sidewalls  flared  with  100-ft  radius 
for  20  ft  followed  by  flare  of  1  on  4.5* 

g.  Fort  Randall  model  and  prototype  .^’9)  Je^.  discharging  into 
primary  stilling  basin  having  level  invert  and  sidewalls 
flared  1  on  6.  The  500-ft-long  primary  basin  is  separated 
from  the  secondary  basin  by  a  25-ft-high  ogee  weir. 

(?) 

h.  Oahe  prototype. w '  Jet  discharging  into  transition  having 
parabolic  invert  and  sidewalls  flared  1  on  7.42. 

4.  Application.  The  suggested  design  curve  in  HDC  225-1  applies  to 
circular  conduits  with  some  form  of  jet  support  below  the  exit  portal.  The 
solid-line  curve  is  applicable  only  to  exit  portals  having  a  free-falling 
jet. 
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Report  No.  2-528,  Vicksburg,  Miss.,  October  1959- 

(9)  _ ,  Flow  Characteristics  in  Flood-Control  Tunnel  10,  Fort 

Randall  Dam,  Missouri  River,  South  Dakota]  Hydraulic  Prototype  Tests. 
Technical  Report  No.  2-626,  Vicksburg,  Miss.,  June  I96X 
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HYDRAULIC  DESIGN  CRITERIA 
SHEET  228-1 
BEND  LOSS  COEFFICIENTS 


1.  The  purpoee  of  this  chart  is  for  use  in  the  design  of  flood- 
control  conduits  and  tunnels.  Most  of  the  research  work  which  has  been 
conducted  on  bend  loss  is  based  on  right-angle  bends  and  is  applicable 
principally  to  the  problems  of  mechanical  engineering  design.  Flood- 
control  conduits  are  usually  designed  with  a  deflection  angle  ( a )  much 
smaller  than  90  degrees.  The  work  of  Wasielewskl W  at  Munich  was  ap¬ 
plicable  to  a  wide  range  of  deflection  angles  and  ratio  of  bend  radii 
to  pipe  diameters  (r/D) .  These  experiments  formed  the  basis  of  the 
curves  on  the  attached  chart, 

2.  The  broken  lines  are  suggested  design  curves  formulated  from 
the  Wasielewskl  curves  shown  as  solid  lines.  The  bend  loss  coefficient 
(Kb)  represents  the  loss  in  terms  of  velocity  head  caused  by  the  bend 
only,  excluding  the  friction  loss  within  the  bend.  The  experiments  of 
Vdsielewski  employed  approximately  55  diameters  of  pipe  and  should 
represent  nearly  complete  decay  of  the  turbulence  caused  hy  the  bend. 
The  Reynolds  number  for  these  tests  was  225,000. 

3 .  The  maximum  angle  tested  by  Wasielewskl  was  75  degrees .  His 
graph  includes  the  data  obtained  by  HofmannW  for  lossos  caused  by 
90°  bends.  The  design  curves  were  adjusted  by  the  use  of  the  90°  curve 
shown  in  the  upper  right-hand  corner  of  the  chart.  This  curve  also 
serves  as  an  interpolation  curve  for  the  design  curves  on  the  chart. 
Although  the  coefficient  Kb  approaches  zero  very  slowly  as  the  r/D  ratio 
becomes  large,  it  was  suggested  by  Professor  J.  S.  McNown  of  State 
University  of  Iowa  that  a  logarithmic  function  may  fit  the  data.  The 
equation  shown  produces  a  good  fit  for  90°  with  n  used  in  the  constants 
as  indicated. 


Rudolph  Wasielewskl,  "Loss  in  Smooth  Pipe  Bends  with  Bend  Angles 
Less  than  90°"  (in  German),  Proceedings  of  the  Hydraulic  Institute  of 
the  Technical  College  of  Munich,  Issue  5  (1932),  pp.  53-67. 


(2) 


A.  Hofmann,  "Loss  in  90  Degree  Pipe  Bends  of  Constant  Circular  Cross* 
Section,"  Transactions  of  the  Hydraulic  Institute  of  the  Munich  Tech¬ 
nical  University,  Bulletin  3  (1929).  Published  in  1935  by  the 
American  Society  of  Mechanical  Engineers,  pp,  29-41. 
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4.  The  interpolation  curve,  for  90°  was  developed  independently  on 
the  basis  of  the  Wasielewski  data  and  was  then  compared  with  Anderson's 
and  Straub's  adjusted  curve '3),  The  two  curves  show  a  fair  agreemeut . 

A  careful  analysis  of  Waterways  Experiment  Station  dataW  for  r/D  =  1,5 
and  a  =  90°  gives  a  good  verification  of  the  design  curve  for  that  ratio. 
The  experimental  data  by  Beij(5)  has  been  included  on  the  graph.  Dr.  Beij 
has  informed  the  Office,  Chief  of  Engineers,  that  he  considers  his  data 
applicable  to  rough  pipe. 

5.  It  was  found  further  that  the  introduction  of  a  in  the  equation 
as  indicated,  produced  a  family  of  curves  which  embraces  the  Wasielewski 
data  fairly  well.  More  experimental  information  is  needed  for  the  range 
of  r/D  greater  than  4  and  a  less  than  45°.  These  data  indicate  the  bend 
loss  only  and  estimated  friction  for  the  length  of  bend  should  be  added, 

6.  The  data  from  the  various  experimenters  on  90°  bendB  show  wide 
discrepancies .  However,  bend  losses  are  usually  small  compared  to 
friction  losses  in  tunnels  or  conduits  of  substantial  length.  In  the 
interest  of  conservatism,  it  is  recommended  that  safety  factors  be  applied 
to  the  dashed  curves.  The  values  on  the  graph  should  be  increased  25$  to 
50$  in  the  design  for  hydraulic  capacity.  The  values  indicated  on  the 
graph  should  be  decreased  by  a  comparable  percentage  in  determining  the 
maximum  velocity  entering  a  stilling  basin  at  the  downstream  end  of  a 
tunnel.  The  selection  of  the  actual  percentage  between  the  range  given 
would  depend  upon  the  relative  importance  of  hydraulic  capacity  and  the 
effect  upon  cost. 


(3)  A.  G.  Anderson  and  L,  G.  Straub,  "Hydraulics  of  Conduit  Bends,"  St. 
Anthony  Falls  Hydraulic  Laboratory  Bulletin  No.  1  (Minneapolis,  Minne¬ 
sota,  December  1948), 

(*0  "Experiments  to  Determine  the  Pressure  Loss  in  Pipe  Bends,"  Waterways 
Experiment  Station,  Technical  Memorandum  No.  21-1  (Vicksburg,  Miss., 
January  1932) . 

^  K.  Hilding  Beij,  "Pressure  Losses  for  Fluid  Flow  in  90°  Pipe  Bends," 
Research  Paper  RP  1110,  Journal  of  Research,  National  Bureau  of 
Standards,  Vol.  21  (July  1938)’, 
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DEFLECTION  ANCLE  a 


BASIC  EQUATION  *  hL  e 

hL  =  HEAD  LOSS  DUE  TO  BEND* 

K*=  BEND  LOSS  COEFFICIENT 
V  =  VELOCITY  IN  FIFE 

NOTE:  FIGURES  ON  GRAPH  INDICATE  f/D  RATIO. 
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HYDRAULIC  DESIGN  CRITERIA 
SHEETS  228-2  TO  228-2/1 
MITER  BENDS 
BEND  LOSS  COEFFICIENTS 


1.  Hydraulic  Design  Chart  228-2  and  228-2/1  show  bend  loss 
coefficients  (%)  versus  Reynolds  number  and  deflection  angle,  respec¬ 
tively..  The  charts  are  based  on  laboratory  tests  mad*  at  Munich, 


ur, 


and  tests  made  on  90-degree  bends  at  the  Waterways  Experi- 
The  broken  lines  on  Chart  228-2  are  suggested  design 


Germany' 
ment  Station' 

curves  and  are  not  the  experimenters'  interpretations.  The  bend  loss 
coefficient  (Kg)  represents  the  loss  in  terms  of  velocity  head  caused 
by  the  bend  only,  excluding  the  friction  loss  within  the  bend. 


2.  Chart  228-2/1  is  a  plot  of  bend  loss  coefficients  and  de¬ 
flection  angles  for  three  Reynolds  numbers.  The  curves  on  this  chart 
were  used  to  establish  the  suggested  design  curves  on  Chart  228-2. 

The  curves  have  been  extended  to  assist  the  engineer  in  determining 
loss  coefficients  for  scalier  deflection  angles. 


^  Hans  Kirchbach,  "Loss  of  Energy  in  Miter  Bends,"  and  Werner  Schubart, 
"Energy  Loss  in  Smooth  and  Rough  Surfaced  Bends  and  Curves  in  Pipe 
Lines, "  Transactions  of  the  Hydraulic  Institute  of  the  Munich  Tech. 
Univ.  Bulletin  3>  translation  published  by  ASME,  1935* 

(2^ 

v  *  "Experiments  To  Determine  the  Pressure  Loss  in  Pipe  Bends,"  Water¬ 
ways  Experiment  Station,  Technical  Memorandum  No.  21-1,  Vicksburg, 
Miss.,  January  1932. 
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VALUES  OF  (VD)  FOR  WATER  AT  60° F 
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BASIC  EQUATION 

K  -  N 

WHERE  K,»  SEND  LOSS  COEFFICIENT 
ht  ■  HEAD  LOSS  OUE  TO  BEND 


LEGEND 

X  WE<  DATA,  a  •90* 

O  MUNICH  DATA,  a  *90° 

A  MUNICH  DATA,  a  *60° 

0  MUNICH  DATA,  a  «4S° 

•  MUNICH  DATA,  a  *30° 
f  MUNICH  OATA,  a -22.5° 
- SUGGESTED  DESIGN  CURVES 

NOTE;  WES  DATA  FROM  6"  PIPE. 

MUNICH  OATA  FROM  1.69*  PIPE. 


SINGLE  MITER 
BEND  LOSS  COEFFICIENTS 
Kb  VS  Re 

HYDRAULIC  DESIGN  CHART  228  -2 
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a  IN  DEGREES 


BASIC  EQUATION 

WHERE  Kg«  BEND  LOSS  COEFFICIENT 
hL  »  HEAD  LOSS  OUE  TO  BENO 


SINGLE  MITER 
BEND  LOSS  COEFFICIENTS 
Kb  VS  Q 

HYDRAULIC  OESIGN  CHART  228-2/1 
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HYDRAULIC  DESIGN  CRITERIA. 


SHEET  228-3 


PRESSURE  FLOW 


PIPE  BENDS 


MINIMUM  PRESSURE 


1.  Flow  around  pipe  bends  results  in  a  velocity  acceleration  along 
the  inside  of  the  bend  accompanied  by  a  local  pressure  reduction.  This 
pressure  reduction  may  be  sufficient  to  result  in  cavitation  in  low  flow 
and  water  supply  pipes  conducting  discharges  from  reservoirs.  Hydraulic 
Design  Chart  228-3  should  serve  for  estimating  minimum  pressures  in 
standard  pipe  bends. 

2.  Basic  Data,  Available  experimental  data  on  minimum  pressures 

in  pipe  bends  are  limited  to  those  on  6- in.  pipe  bends  of  45  to  180  deg  by 
Yarnell.l  These  data  show  that  the  minimum  pressure  occurs  22.5  deg  from 
the  point  of  curvature  compared  with  its  occurrence  45  deg  from  the  point 
of  curvature  for  rectangular  section  conduits  (HDC  Sheets  and  Charts  534-2 
and  534-2/i).  The  analytical  procedure  suggested  by  McPherson  and 
Strausser2  for  determining  the  magnitude  of  the  minimum  pressure  in  a  cir¬ 
cular  bend  of  rectangular  conduits  has  been  applied  to  pipe  bends.  The 
theoretical  curve,  Yarnell’s  data,  and  points  computed  from  elbow  meter 
data  compiled  by  Taylor  and  McPherson3  are  shown  in  Chart  228-3.  The 
elbow  meter  data  are  based  on  studies  by  Lansford,4  Addison, 5  and  Taylor 
and  McFherson3  (Lehigh  data).  Yarnell's1  study  showed  that  the  pressure 
45  deg  from  the  point  of  curvature  is  only  slightly  higher  than  the 
minimum  pressure  that  occurs  at  the  22.5-deg  point.  This  is  confirmed 
by  the  Lehigh  data  points  in  Char :•  228-3*  Data  for  both  the  22.5-  and 
45-deg  points  correlate  with  the  t.torotical  curve  as  shown  in  the  chart. 
The  data  cover  a  range  of  pipe  diamjteis  from  4  to  12  in.  and  indicate 
a  range  of  Reynolds  numbers  (Rg)  of  10^  to  I05, 

3.  Application.  The  minimum  bend  pressure  can  be  computed  from  the 
equation 

H  -  H. 


The  terms  in  the  equation  are  defined  in  Chart  228-3.  The  equation  for  the 
theoretical  curve  shown  in  Chart  228-3  is  given  in  Sheet  534-2. 

4.  The  curve  in  Chart  228-3  can  be  used  to  estimate  the  minimum 
steady  pressure  in  standard  pipe  bends  of  45  to  l8o  deg.  Cavitation  oc¬ 
curs  when  the  instantaneous  pressure  at  any  point  in  a  flowing  liquid 
drops  to  vapor  pressure.  Turbulence  in  flow  causes  local  pressure 


fluctuation.  Therefore,  an  estimate  should  he  made  of  the  maximum  expected 
fluctuation  from  the  minimum  computed  steady  pressure.  A  procedure  for 
estimating  the  necessary  average  pressure  or  the  permissible  average  veloc¬ 
ity  to  prevent  cavitation  is  given  in  paragraph  4  of  Sheets  534-2  and 
534-2/1.  The  sample  computation  shown  in  Chart  534-2/1  for  rectangular 
conduits  is  also  applicable  to  pipe  bends. 
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HYDRAULIC  DESIGN  CRITERIA 


SHEET  228-4 


IN-LINE  CONICAL  TRANSITIONS 


LOSS  COEFFICIENTS 


1.  Purpose.  Ifydraulic  Design  Chart  (HDC)  228-4  presents  coeffi¬ 
cients  for  computing  head  losses  through  in-line  expanding  and  contract¬ 
ing  conical  transitions  frequently  used  in  penstock  and  water  supply 
design.  This  chart  can  also  he  used  as  a  guide  in  estimating  coeffi¬ 
cients  for  computing  head  losses  in  flood  control  tunnel  interior 
transitions. 

2.  Background. 


expansions  were  published  by  Gibson^  in  1912.  Although 
additional  data  were  published  by  Peters^  in  1934,  design 
guidance  given  in  Rouse 3  was  limited  to  the  earlier  work 
by  Gibson.  Kalinske^  and  Robertson  and  Ross 5  also  have 
investigated  flow  characteristics  in  conical  diffusers. 
However,  it  was  1964  before  additional  data  for  head  loss 
coefficients  were  published  by  Huang. °  His  study  included 
both  smooth  and  artificially  roughened  pipe.  Reynolds 
numbers  tested  were  from  0.3  to  1.5  x  10*.  Huang  found 
very  little  difference  in  loss  coefficients  for  smooth  and 
rough  pipe  flow  and  no  effect  of  Reynolds  number  on  losses 
for  in-line  transitions. 


b.  Contractions .  Coefficient  data  for  head  losses  in  conical 
contractions  are  appreciably  more  limited  than  for  expan¬ 
sions.  The  only  known  available  study  is  that  by  Levin' 
in  1970.  Levin's  data  are  for  diameter  ratios  of  Dg/Di 
of  1.2  to  2.1  and  were  made  at  Reynolds  numbers  of 
1  x  105  to  1  x  106. 

£.  Other  shapes.  Loss  coefficient  curves  for  expansion 
transitions  of  many  other  cross-section  shapes  and  in¬ 
stallation  locations  have  been  published  by  Miller. ° 

3.  Theory.  Loss  coefficient  curves  for  conical  expansions 
published  by  Rouse^  are  based  on  Gibson's  data  and  described  by 
equation  1. 
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Comparable  loss  coefficients- published  by  Huang,  based  on  Gibson's, 
Peter's,  and  his  own  data  are  described  by  equation  2. 
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Loss  coefficients  published  by  Levin  for  conical  contractions  are  also 
described  by  equation  2.  In  these  equations,  K  and  Kq  are  loss  co¬ 
efficients,  Hp  is  the  head  loss  effected  by  the  transitions,  Vp  is 
the  average  velocity  in  the  smaller  conduit  (either  upstream  or  down¬ 
stream,  respectively,  depending  upon  whether  the  flow  is  expanding  or 
contracting),  Vg  is  the  average  velocity  in  the  larger  conduit,  and 
g  is  the  acceleration  of  gravity. 

4.  Coefficient  values  from  Rouse's  plots  of  Gibson's  data  were 
transposed  into  terms  comparable  to  Huang's  by  use  of  the  following 
equation: 


Kc  =  K 


‘-(4)1 


where  Dp  is  the  smaller  conduit  diameter  and  Dg  is  the  larger  con¬ 
duit  diameter. 

5.  Design  Criteria. 

a.  Expansion  coefficients.  Comparable  plots  of  expansion 
loss  coefficients  based  on  tests  by  Gibson,  Peters,  and 
Huang  are  given  in  HDC  228-4a. 

b.  Contraction  coefficients .  Contraction  loss  coefficients 
reproduced  from  Levin's  plots  are  given  in  HDC  228-4b. 
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BASIC  EQUATION 
Kc=2gHL,'V,2 


WHERE: 

Ht  =  HEAD  LOSS,  FT 

g  =  ACCELERATION  OF  GRAVITY,  FT/SEC* 
V,  =  AVERAGE  VELOCITY  IN  THE  SMALLER 
CONDUIT,  FPS 
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HYDRAULIC  DESIGN  CRITERIA 


SHEET  228-5 

PRESSURE  CHANGE  COEFFICIENTS 
AND  JUNCTION  BOX  HEAD  LOSSES 
FOR  IN-LINE  CIRCULAR  CONDUITS 


1.  Purpose .  Junction  boxes  are  used  extensively  in  the  design  of 
pressure  storm  drain  systems  where  lateral  drains  flow  into  main- line 
drains.  They  are  also  included  in  long,  continuous  drains  to  provide 
ready  access  for  conduit  inspection  and  maintenance.  In  small,  flow- 
control  outlet  works  they  have  been  used  as  wet  wells  for  control  gates. 
Hydraulic  Design  Chart  (HDC)  228-5  presents  design  information  on  pres¬ 
sure  change  coefficients  for  junction  boxes  with  in-line  circular  con¬ 
duits.  HDC  228-5a  gives  pressure  change  coefficients  for  junction  boxes 
effecting  expansions  and  contractions.  HDC  228-5b  shows  the  effects  of 
box  geometry  on  pressure  change  coefficient.  A  procedure  for  using  these 
pressure  change  coefficients  to  compute  junction  box  head  losses  is 
given  in  paragraph  5  below. 

2.  Background.  Arbitrary  loss  coefficients  were  used  for  the 
design  of  junction  boxes  in  storm  drain  systems  for  many  years.  In  1958 
Sangster,  et  al.,1  published  the  results  of  the  first  comprehensive  hy¬ 
draulic  study  on  junction  boxes  for  storm  drain  systems.  In  1959  they 
published  a  selected  summary  of  the  basic  tests.  The  published  reports 
also  give  design  criteria  applicable  to  multiple  inflow  junction  boxes 
and  to  storm  drain  inlets. 

3.  Theory.  Sangster  applied  the  momentum  theory  to  flows  through 
junction  boxes  and  developed  the  following  equations  describing  pressure 
changes  across  a  junction  box  with  in-line  conduits. 
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where 


K  =  pressure  change  coefficient 
D^  =  downstream  conduit  diameter,  ft 
D2  =  upstream  conduit  diameter,  ft 


O 


downstream  coefficient  value  for  abrupt  con¬ 
traction  according  to  Roused 


4.  Experimental  Results.  Experimental  studies  were  undertaken 
by  Sangster  to  evaluate  the  effects  of  junction  box  geometry  on  the 
pressure  change  coefficient  K  .  In  each  test  the  upstream  and  down¬ 
stream  friction  pressure  gradients  were  extended  to  the  center  of  the 
junction  box.  The  difference  between  the  extended  pressure  gradients 
was  divided  by  the  velocity  head  in  the  downstream  conduit  to  obtain 
the  pressure  change  coefficient  K  .  HDC  228-5a  shows  that  K  is  a 
function  of  ratio  of  the  diameters  of  the  upstream  and  downstream  con¬ 
duits  and  that  the  junction  box  width  has  little  effect  on  the  co¬ 
efficient  value.  HDC  228-5b  shows  the  effects  of  junction  box  shape 
on  pressure  changes  for  in-line  conduits  of  equal  size.  These  plotted 
data  show  that  for  large  ratios  of  b/t>g  ,  pressure  change  coefficients 
up  to  0.25  were  obtained. 


5.  Application.  The  pressure  change  H 
can  be  computed  using  the  following  equation: 


across  the  junction  box 


VT 


H  =  KW/ 


(3) 


where 


Vj  =  downstream  conduit  velocity,  fps 
g  =  acceleration  of  gravity,  ft/sec2 


The  head  loss  Hj,  across  the  junction  box  can  be  computed  by  use  of  the 
Bernoulli  equation  as  follows: 


H  -  V? 


HT  =  H  + 
1) 


2g 


(4) 


where 


V2  =  velocity  in  the  upstream  conduit,  fps 
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HYDRAULIC  DESIGN  CRITERIA 
SHEET  228-6 
RECTANGULAR  CONDUITS 
TRIPLE  BEND  LOSS  COEFFICIENTS 


1.  Purpose.  Multiple  conduit  ber.us  are  encountered  in  water  sup¬ 
ply  and  air  venting  systems  and  to  some  extent  in  lock  culvert  systems. 
Appreciable  data  are  available  for  head  losses  for  circular  and  rectan¬ 
gular  conduits  with  single  bends.1»2»3>4  Composite  head  loss  coefficients 
for  multiple  bends  have  been  investigated  and  reported  by  Sprenger5  for 

a  rectangular  conduit  with  an  aspect  ratio  of  two  in  the  plane  of  the 
bend.  Hydraulic  Design  Chart  (HDC)  228-6  reproduces  Sprenger’s  coeffi¬ 
cients  for  triple  bend  systems  with  intermediate  straight  conduit  lengths 
from  zero  to  five  times  the  equivalent  hydraulic  diameter  of  the  conduit. 
Sprenger's  data  from  tests  on  a  single  90-dag  bend  are  shown  for  compar¬ 
ison.  The  basic  report^  also  contains  head  loss  coefficients  for  many 
90-deg  bends  of  various  cross  sections  for  aspect  ratios  of  0.5  and  2.0 
in  the  plane  of  the  bend.  Interaction  coefficient  factors  for  bends 
separated  by  short  tangent  lengths  have  also  been  published  by  Miller. ° 

2.  Theory .  The  head  loss  associated  with  a  single  or  multiple 
bend  is  defined  as  the  difference  in  elevation  between  the  uniform  up¬ 
stream  and  downstream  pressure  gradients  when  extended  on  the  longitudi¬ 
nal  axis  of  the  conduit  to  the  middle  of  the  bend  or  bend  system.  This 
procedure  assumes  that  normal  resistance  loss  exists  throughout  the  bend 
system  and  is  computed  independently  of  the  geometric  head  loss.  The 
observed  pressure  differences  (head  losses)  were  divided  by  the  velocity 
head  in  the  conduit  flow  to  obtain  a  dimensionless  coefficient: 


u 


K  = 


(1) 


where 

K  =  dimensionless  head  loss  coefficient 
Hl  =  observed  pressure  difference,  ft 
V  =  velocity  of  the  conduit  flow,  fps 
g  =  acceleration  of  gravity,  ft/sec^ 

3.  The  bend  loss  coefficient  is  similar  to  other  form  resistance 
coefficients  and  is  a  function  of  the  flow  Reynolds  numoer: 


VD, 


R  = 
e 


(2) 
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where 


Re  =  Reynolds  number 

Dft  =  equivalent  hydraulic  diameter  of  the  conduit,  ft 
v  =  kinematic  viscosity  of  the  fluid,  ft2/sec 

and  V  and  g  are  as  defined  above. 

4.  The  head  loss  coefficient  decreases  rapidly  until  it  reaches  a 
minimum  value  at  a  Reynolds  number  of  about  2  x  105.  From  this  point  it 
increases  in  value  until  the  Reynolds  number  reaches  about  K)6,  beyond 
which  the  coefficient  probably  remains  fairly  constant,^ 

5.  Application.  The  head  loss  in  a  90-deg  rectangular  bend  with 
a  large  aspect  ratio  in  the  plane  of  the  bend  can  be  computed  using 
equation  1  and  the  data  given  in  HDC  228-6.  Sprenger's  experimental 
data  on  single  90-deg  bends  in  rectangular  conduits  having  aspect  ratios 
of  0.5  in  the  plane  of  the  bend  indicate  that  head  loss  coefficients  for 
this  low  aspect  ratio  are  from  0.1  to  0.2  less  than  comparable  values 
with  high  aspect  ratios  in  the  plane  of  the  bend.  It  is  recommended  that 
the  coefficient  values  given  in  HDC  228-6  be  used  for  all  rectangular 
conduits  with  multiple  bends  when  designing  for  discharge. 


6.  References . 

(1)  Madison,  R.  D.  and  Parker,  J.  R.,  "Pressure  losses  in  rectangular 
elbows . "  Transactions,  American  Society  of  Mechanical  Engineers, 
vol  58  (1936),  pp  167-176. 

(2)  Harper,  J.,  "Tests  on  elbows  of  a  special  design."  Journal  of  Aero 
Science  (November  1947),  pp  587-592. 

(3)  Silberman,  E.,  The  Nature  of  Flow  in  Elbows.  Project  Report  No.  5, 
St.  Anthony  Falls  Hydraulic  Laboratory,  University  of  Minnesota, 
Minneapolis,  Minn.,  December  1947. 

(4)  Straub,  L.  G.  and  Anderson,  A.  G.,  Fluid  Flow  Diversion,  A  Summary 
and  Bibliography  of  Literature.  Project  Report  No.  1,  St.  Anthony 
Falls  Hydraulic  Laboratory,  University  of  Minnesota,  Minneapolis, 
Minn.,  August  1947,  p  96. 

(5)  U.  S.  Army  Engineer  Waterways  Experiment  Station,  CE,  Head  Losses 
in  90°  Elbows  for  Rectangular  Pipes,  by  H.  Sprenger.  Translation 
No.  70-3,  Vicksburg,  Miss.,  September  1970. 

(6)  Miller,  D. ,  Internal  Flow,  A  Guide  to  Losses  in  Pipes  and  Duct 
Systems .  British  Hydromechanics  Research  Association,  Cranfield, 
Bedford,  England,  1971,  p.  43. 


228-6 


